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Abstract 
The two major research areas in this thesis are electrochemical As (III) 
determination and H2O2 reduction in aqueous solution. Although a variety of 
nanomaterials have been developed, there is still room for new materials and 
greater understanding of current material classes that may lead to higher 
sensitivity, lower LoD and acceptable selectivity. These two research areas are 
linked by the fact that that they both rely on the careful preparation of well 
characterised nanomaterials for electrochemical applications, which is the central 
theme of this thesis. Each of the research areas and their main results are 
presented below.   
The first result presented is the electrodeposition of gold nanoparticles (AuNPs) 
on a gold substrate for Arsenic (III) detection. To obtain the best As (III) analysis 
sensitivity, a series of conditions were optimized. Also, two most commonly used 
electroanalysis techniques, square wave anodic stripping voltammetry (SWASV) 
and amperometric i-t plots were compared, indicating that SWASV leads to a 
better sensitivity of 0.124 µA ppb-1 and the lower limit of detection (LoD) of 
0.244 ppb. Cu (II) interference studies revealed acceptable anti-interference 
ability at lower concentrations of Cu (II) (below 50 ppb).     
Next, a series of Au nanospikes and dendrites were electrodeposited with either 
an inorganic (Pb2+) or organic (cysteine) growth directing agent for different 
times to obtain varied morphology. These structures were compared with gold 
nanoparticles of three different shapes (Octahedral, Cubic and Rhombic 
Dodecahedral) for detection of As (III) by SWASV. The sensitivity and limit of 
detection (LoD) was dependent on the surface crystallographic orientations and 
the morphology, with superior sensitivity confirmed with a maximum amount of 
Au (111) facets on the surface for the nanoparticles. The study confirms that 
electrodeposition parameters or nanoparticle synthesis methods for Au surfaces 
in arsenic sensing needs to be carefully controlled, to either maximise the (111) 
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facets, or minimise the steps on a polycrystalline Au surface, and that inorganic 
and organic shape directing agents used for electrodeposition will have differing 
effects. 
A new material for As (III) detection was prepared based on ceria cubes decorated 
with manganese oxide nanoparticles (Mn2O3/CeO2 nanocubes), and used to 
modify a Au electrode for analysis of As (III) in aqueous solution. This modified 
electrode displayed improved sensitivity than either oxide on their own, 
indicating a synergistic effect. The improved sensitivity could be ascribed to the 
enhanced As (III) adsorption ability of the Mn2O3/CeO2 nanocube during 
electrochemical pre-concentration, combined with the well known As (0) 
deposition and stripping qualities of the gold substrate. Also, a graphene oxide 
framework (GOF) material was constructed and used to modify a gold substrate. 
The obtained GOF/Au electrode was shown as a highly sensitive electrochemical 
arsenic (III) sensor. The improved electrochemical activity towards arsenic was 
ascribed to the larger surface area, strong adsorption ability of GOF and enhanced 
electron transfer between modified GOF and the gold electrode, in conjunction 
with the excellent electrocatalytic capabilities of gold substrate.  
Prussian blue (PB) and platinum have long been used for arsenite detection 
separately due to their individual characteristics. This thesis investigated the 
synergistic effect of these two materials for As (III) detection. Two classes of 
materials, PBPt composite and PB@Pt core-shell cubes were prepared. PBPt and 
PB@Pt modified glassy carbon electrodes (GCE) were used for electrochemical 
detection of As (III) via its oxidation to As (V). Compared with the pure PtNPs 
and PBPt composite decorated GCE, PB@Pt modified GCE obtained the highest 
sensitivity and lowest limit of detection (LoD). Cu (II) ions at low concentration 
(less than 377.21 ppb) at PB@Pt modified GCE did not interfere with detection 
of As (III). It was found that that much higher concentrations of Cu (II) (up to 
377.21 ppb) can be used without interference on PB@Pt, compared with the 
lower concentrations of Cu (II) on Au-based electrodes (below 50 ppb).   
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Similarly, rationally designed nanomaterials are of great importance in improving 
the electrocatalytic activity of H2O2 sensors including sensitivity, selectivity and 
stability. Firstly, a stable AuCN/Prussian Blue (PB) Nanocube composite was 
prepared by galvanic replacement of PB cubes with HAuCl4 solution. When the 
electrochemical detection of H2O2 was studied, the AuCN/PB composite showed 
considerably improved stability. This stability was attributed to the stabilisation 
of the surface of PB with AuCN, which prevents decomposition of the reduced 
form of PB during electrocatalysis. The new material shows that redox active 
Metal Organic Frameworks (MOFs) used for electrochemical sensing or catalysis 
can be tuned for surface porosity and stabilised via galvanic replacement with a 
noble metal salt, leading to improved electroanalytical performance. 
Furthermore, two kinds of nanomaterials supported on MoS2 flakes, i.e. Pt@Au 
core-shell nanostructures and  AuCN/prussian blue (PB) nanocomposites, were 
prepared. Both nanostructures were used for electrochemical H2O2 reduction, 
showing good catalytic performance. Both nanostructures show high anti-
interference ability towards common interfering species, with good stability, and 
are promising for practical applications in H2O2 sensing.   
Finally, combining several of the synthetic strategies and materials common to 
the thesis, a strategy was presented for the direct preparation of Au nanoparticles 
(AuNPs) on a Fe-based support, encapsulated with porous carbon (PC), via 
pyrolysis of AuCN functionalised Prussian Blue (PB) metal organic frameworks 
(MOF). The resulting structures were shown to be active Au-based nanomaterials 
for model applications including catalysis (4-nitrophenol reduction) and 
electroanalysis (arsenic (III) detection), confirming a general strategy for 
preparation of supported noble metal nanoparticles evenly distributed on a 
magnetic support, allowing separation of catalysts from products for 
heterogeneous applications. The general performance of the materials was 
confirmed with a rate constant of 0.725 min-1 for 4-nitrophenol reduction, and a 
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sensitivity of 0.04 µA ppb-1 and LoD of 0.15 ppb for electrochemical analysis of 
As (III). 
In summary, several kinds of nanomaterials with interesting structures were 
designed and prepared, aiming at obtaining a deeper understanding towards some 
classical nanomaterials such as gold or improving the electrochemical 
performance via creation of new materials for electrochemical As (III) 
determination and H2O2 reduction in aqueous solution. 
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Introduction 
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Sensitive and accurate determination of analytes is of primary importance in 
many fields and is the core objective of analytical chemistry. Two analytes, 
arsenic and H2O2, have drawn our attention in this thesis. Arsenic in aqueous 
solutions has caused much interest due its toxicity and its determination is of great 
importance to the environment and human health. On the other hand, H2O2 is one 
of the most important reactive oxygen species (ROS), therefore the detection of 
H2O2 plays a vital role in many fields.  
1.1 Arsenic in the environment 
1.1.1 Arsenic speciation 
Arsenic (As) is a highly toxic, silver-grey crystalline solid that is ubiquitous in 
the environment.[1] Arsenic is regarded as a semi-metallic element displaying 
features between metals and non-metals.[2] Arsenic mainly exists in four 
oxidation states: - 3, 0, + 3, and + 5. Arsenic can combine with other elements 
and presents as a variety of inorganic and organic chemicals in the environment, 
such as arsenites, arsenates, monomethylarsonic acid (MMA; CH3AsO(OH)2), 
dimethylarsinic acid (DMA; (CH3)2AsOOH), trimethylarsine oxide (TMAO; 
(CH3)3AsO), arsenobetaine [AsB; (CH3)3As+CH2COOH], and arsenolipids [1-2] 
Generally speaking, the inorganic species (arsenites and arsenates) are considered 
as the predominant species and are the most toxic in most environments, but the 
organic forms can also be present.[3] Some reports have revealed the acute 
arsenic toxicity  in the order: MMA (III) > As (III) > As (V) > DMA (V) > MMA 
(V).[2] It is found that MMA, DMA and TMAO are products of some biological 
activities and are mostly present in surface waters, but are also present as minor 
component in some soils.[4] MMA and DMA have also been used as pesticides 
and herbicides. AsB and arsenolipids mainly exist as the dominate arsenic species 
in marine organisms.[2, 4a] Among inorganic species, although As (V) (arsenate) 
has been proven to be the main form in aerobic water due to thermodynamical 
stability,[2, 5] As (III) (arsenite) is the dominant form under reducing conditions, 
and is about 50 times more toxic than As (V).[5-6] Apart from the redox potential, 
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it is also found that pH is an important factor influencing arsenic speciation. 
Uncharged arsenite H3AsO30 will predominate at pH less than 9.2 under reducing 
conditions, while the anionic forms H2AsO3- and HAsO32- increase as the pH 
increases. In extremely acidic solutions, H3AsO40 presents, and the dominant 
form is H2AsO4- at pH less than 6.9 under oxidising conditions, whilst HAsO42- 
becomes predominant at increasing pH and AsO43- exists in extremely alkaline 
solutions.[7] The relationship between pH and arsenic species is plotted in Figure 
1.1.  
 
Figure 1.1. (a) Arsenite and (b) arsenate speciation as a function of pH (ionic strength of 
about 0.01 M). Redox conditions have been chosen such that the indicated oxidation state 
dominates the speciation in both cases. Reprinted with permission from ref [7]. 
1.1.2 Sources of arsenic  
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As arsenic is a ubiquitous element existing in soils, sediments, rocks, natural 
waters, atmosphere and organisms, most of environmental arsenic pollution is 
connected with natural processes, such as natural weathering of arsenic bearing 
minerals and volcanic emissions.[7] [8] However, anthropogenic emissions of 
arsenic from industrial effluents, use of arsenic containing compounds, 
combustion of fossil fuels, or mining of As containing ores are a significant 
additional source.[8]  
Arsenic release from As-enriched minerals are the primary source of arsenic in 
the environment.[2] Arsenic has been found in more than 200 minerals, including 
elementary As, arsenides, sulphides, oxides, arsenates and arsenites.[7] The 
concentrations of arsenic vary in different minerals. Among them, arsenopyrite 
(FeAsS) has the most abundant As.[7] Although geological factors are the 
dominant source of As, anthropogenic factors induce additional dissolution of As 
into waters and soils from pyrite ores, including use of insecticides, herbicides, 
mining and smelting, semi-conductor industries, coal burning, and timber 
preservatives. [2, 7]  
Groundwater/drinking water contamination of arsenic has drawn much attention 
worldwide since it has been reported in more than 70 countries.[9] WHO has set 
a provisional guideline and recommends the limit of arsenic is 10 ppb in drinking 
water.[5, 8a] Apart from direct ingestion through drinking water, human intake 
of arsenic may occur through groundwater since it is used to irrigate a variety of 
crops, leading to accumulation in vegetables, meaning that As-enriched 
groundwater may contribute significantly to human intake.[2] The groundwater 
concentrations of As occur in a large range and vary from <0.5 to 5000 ppb 
around the world.[9] It is reported that there are more than 100 million people at 
risk of being exposed to more than 50 ppb As, especially in Bangladesh, India, 
Argentina, Vietnam, Chile, China, Thailand, USA, and Romania.[7, 9] Figure 1.2 
shows contamination with As in groundwater in major aquifers around the world. 
Although revision of drinking water regulations has prompted the reassessment 
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of As in many countries, many arsenic-containing water sources still have not 
been revealed.[7]  
 
Figure 1.2. Distribution of documented world problems with As in groundwater in major 
aquifers as well as water and environmental problems related to mining and geothermal 
sources. Areas in blue are lakes. Reprinted with permission from ref [7]. 
1.1.3 Health hazards 
Arsenic displays extreme toxicity and is a class A human carcinogen. Poisoning 
with arsenic is associated with various adverse health effects, such as dermal, 
respiratory, pulmonary, gastrointestinal, cardiovascular, neurological, 
immunologic, genotoxic, mutagenetic and carcinogenic effects. [10] The effects 
of arsenic on major organs are shown in Figure 1.3. Arsenic can enter the human 
body through ingestion, inhalation and skin absorption, and is widely distributed 
in different organs such as skin, bladder, lungs, liver, kidneys with circulatory 
and neurological complications.[11] Different clinical symptoms develop 
depending on if the arsenic exposure is acute or chronic. In excessive and acute 
arsenic exposure, symptoms develop much quicker and organs can be damaged 
and may lead to death. For chronic arsenic exposure, symptoms develop over a 
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prolonged period of exposure and cause several disorders of biological systems, 
that may ultimately lead to malignant tumors or cancer.[2, 11]  
 
Figure 1.3. The key effects of arsenic on major organ systems. Reprinted with permission 
from ref [11]. 
1.1.4 Arsenic detection 
Given the health concerns caused by Arsenic, and its presence in our natural 
environment, facile and sensitive determination of As in aqueous solutions are of 
great importance and interest to analytical chemists and environmental 
scientists.[4b] The United States Environmental Protection Agency (USEPA) has 
approved several methods, including inductively coupled plasma-mass 
spectrometry (ICP-MS), ICP-atomic emission spectrometry (ICP-AES), graphite 
furnace atomic absorption (GFAAS), gaseous hydride generation atomic 
absorption/fluorescence spectrometry (HGAAS/HGAFS), and high performance 
liquid/gas chromatography, with method detection limits of 0.5-50 ppb.[4b, 12] 
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However, these methods all depend on expensive and bulky instruments in a 
laboratory setting, which need well-trained technicians to operate and may 
consume large amounts of inert gas, making in-field measurements 
impossible.[4b] Therefore, there remains a need for detection methods that are 
economically accessible, due to the prevalence of As in remote regions of the 
developing world, and such methods must be accurate and convenient for 
technicians to conduct on-site analysis. Compared with a variety of conventional 
laboratory analytical techniques, several other methods such as 
colorimetric/fluorescence measurement methods, surface-enhanced Raman 
spectroscopy (SERS) and electrochemical methods are available to this end.[12-
13]  
1.1.4.1 Colorimetric/fluorescence measurement methods 
Historically, the classic colorimetric approach involved the use of arsenic field 
test kits, which are based on the Gutzeit reaction.[4b, 14] This technique is 
relatively inexpensive and convenient with an effective detect limit of 100 ppb, 
however toxic AsH3 is produced which can leak from the test container and 
threaten the testers’ life, and in addition toxic Pb-based and Hg-based waste is 
also generated.[15] There have been some reports of newer colorimetric reagents 
for As detection. Au nanoparticles (AuNPs) have been utilized as sensors, as they 
show visual colour changes upon aggregation induced by arsenic, due to the 
AuNPs’ high extinction coefficients and unique size dependent optical 
properties.[16] For example, AuNPs modified by Thioctic acid-Thioguanine (Au-
TA-TG) were prepared, where TA-TG was attached to the AuNPs via amide bond 
formation, and free –SH functional groups were able to interact with arsenic (III) 
ions through As-S bonding. Aggregation of Au-TA-TG occurred upon 
introduction of As (III) ions, which induces a colour change in Au-TA-TG. A 
detection limit of 1 ppb could be obtained in this method.[16] Another example 
is glutathione (GSH), dithiothreitol (DTT), and cysteine (Cys) modified AuNPs 
for detection of arsenic by dynamic light scattering (DLS). Sulphur-containing 
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DTT, GSH and Cys can bind to AuNPs through strong Au-S interactions. Since 
As (III) has a very high affinity towards these ligands via the free –SH groups of 
DTT and –COO- of GSH and Cys through As-S or As-O linkages, aggregation of 
AuNPs occurs after addition of As (III).[17] Colorimetric biosensors of As (III) 
have also been developed through aggregation of AuNPs via interactions of As 
(III) with arsenic-binding aptamers and surfactants. The aptamer tends to react 
with the surfactant to form a supramolecule, which prevent AuNPs from 
aggregating. The addition of As (III) induces an immediate interaction with the 
arsenic-binding aptamer, allowing the free cationic surfactant to cause AuNPs 
aggregation.[18]  
Fluorescent-based colorimetric measurements are another promising technique 
for arsenic determination, due to a wide range of available materials such as 
fluorescent dyes, quantum dots (QD), Au clusters (AuCs), two-dimensional 
materials, and carbon dots (CD).[19] The fluorescent intensity can change via 
aggregation of modified fluorescent materials in the presence of arsenic ions. 
For example, red QDs were modified with glutathione and dithiothreitol, and 
introduction of As (III) led to QD aggregation, which induced the quenching of 
red fluorescence. Combined with a photostable cyan CDs, a composited red 
fluorescence method was developed with a detection limit of 1.7 ppb for As 
(III) determination.[19d] Dicysteine capped fluorescent AuCs have also been 
synthesized through a core-etching method from AuNPs, which acted as a 
sensitive and selective As (III) sensor with a detection limit of 53.7 nM.[19e]    
1.1.4.2 Surface-enhanced Raman spectroscopy (SERS) 
SERS is increasingly popular in detecting a variety of analytes adsorbed on 
substrates which show surface plasmon activity. The detection limit varies, but 
in some cases even a single molecule can be detected.[4b] Maximizing the 
Raman signal for analytes has long been pursued due to the relatively weak 
Raman signal in solution. Since the size, morphology and proximity of different 
nanostructures play a key role in affecting Raman enhancement, different 
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nanostructures such as gold, silver, and copper have been investigated as SERS 
substrates capable of enhancing the Raman signal and improving the limit of 
detection.[4b] For example, a 50 nm thick gold film modified with arsenic 
recognition molecules was used to detect As via SERS.[20] In another example, 
dense polyhedral silver nanocrystal arrays were assembled via a Langmuir-
Blodgett (LB) method, and different surface-adsorbed polymers were compared, 
which showed high sensitivity for detecting arsenic in aqueous solutions with a 
limit of detection (LOD) of 1 ppb.[21] 
1.1.4.3 Electrochemical methods 
Electrochemical methods, especially voltammetric methods, have attracted 
interest for efficient As determination, due to high sensitivity, lower cost, rapid 
analysis time, and simple operation.[22] A large number of researchers have 
determined As with anodic stripping voltammetry (ASV), which is very sensitive, 
and able to detect very low levels of arsenic due to optimization of the pre-
deposition (accumulation) period.[22b, 23] Briefly, the measurement of As 
includes a cathodic pre-deposition step of arsenic, in which arsenic ions are 
reduced to As (0) and simultaneously deposited onto the electrode surface from 
solution (normally in acidic solutions), followed by the anodic voltammetric 
sweep (stripping step) to reoxidize the As(0) to As ions. The stripping peak is 
thus used to determine arsenic ions quantitatively. Actually, several voltammetric 
methods, including cyclic voltammetry (CV), linear sweep voltammetry (LSV), 
square wave voltammetry (SWV) and differential pulse voltammetry (DPV) have 
been developed for the determination of Arsenic with pleasing results.[22a] The 
most powerful techniques include SWV and DPV due to better sensitivity and 
lower background signals (higher signal-to-noise ratios, S/N).[22a] Therefore, 
square wave anodic stripping voltammetry (SWASV), and differential pulse 
anodic stripping voltammetry (DPASV) are the typical wave-forms used after the 
pre-deposition step, to enable electrochemical analysis with the optimum 
sensitivity. 
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Since the deposition and stripping takes place on an electrode surface, the 
working electrode plays an important role in influencing the electroanalytical 
performance, and the analyte signal is highly dependent on the electrochemical 
properties of the electrode. A broad range of materials have been developed, 
including glassy carbon (GC), boron doped diamond (BDD), graphite, carbon 
paste (CPE), screen-printed electrodes (SPE), noble metal electrodes (Au, Ag, Pt 
etc), and Hg electrodes.[22a] Depending on the conditions, these electrodes 
possess good characteristics (such as long-term stability, reproducibility, 
sensitivity and conductivity) for working electrodes, but among them, gold 
electrodes stand out due to their exceptional physical and chemical properties, 
especially the higher hydrogen evolution overpotential and diverse 
electrocatalytic properties.[22b, 24] Pure gold materials have been studied 
extensively for electrochemical detection of Arsenic (As), offering excellent 
sensitivity and limit of detection due to the unique ability of Au to accept pre-
deposited As (0). [25] In order to enhance conventional gold electrodes, modified 
electrodes have been developed with improved performance. For example, 
nanostructured Au materials are often synthesized and used to modify 
gold/carbon electrodes, showing lower limits of detection (LOD) and higher 
sensitivity due to their increased surface area.[5, 6c, 6d, 8a, 12, 25-26] It is well-
known that the size and morphology of nanomaterials affects their properties 
dramatically. A variety of Au nanostructures have been prepared with controlled 
shapes such as flower-like particles,[27] textile-like sheet arrays,[28] 
nanowires,[29] nanobelts and nanocombs,[30] nanoplates,[31] polyhedral,[32] 
hexagram shaped[33] and dendrites[34] that show improved electrochemical 
behaviour compared to flat polycrystalline gold, though the specific effect of 
nanomorphology on sensing of As is less well known compared to energy related 
electrocatalytic applications.  
Although gold seems to be the most suitable electrode for arsenic detection, the 
interference of other ions, especially Cu (II), which deposits and strips at a similar 
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potential to As, is a significant obstacle to the use of gold materials in real sample 
analysis.[35] As such, other noble metals, such as Pt and Ag, have also been 
studied for arsenic detection.[36] The ability of platinum to oxidise As (III) to As 
(V) makes it promising as an arsenic sensor, as the oxidation peak of As (III) to 
As (V) separates well enough from Cu (II) stripping peak, allowing arsenic to be 
determined quantitatively and Cu (II) interference minimised.[35, 37] Silver has 
long been dismissed as a possible electrode,[38] since silver in the normal HCl 
electrolyte generates AgCl precipitates which can passivate the electrode surface. 
However, nitric acid can be used instead of hydrochloric acid, allowing Ag 
electrodes to reach a comparable performance for trace arsenic determination as 
gold electrodes.[22b]    
As shown in Figure 1.4, apart from noble metal materials, quite a few nonprecious 
materials have also been developed to construct modified electrodes for arsenic 
detection.[39] Biological materials, such as arsenic-binding aptamer, DNA, and 
enzymes, are used to fabricate sensing electrodes due to the unique interaction of 
As with these biological materials. For example, layer-by-layer DNA was 
functionalized on single-wall carbon nanotubes (CNT), and the hybrid modified 
GC electrode showed high sensitivity in PBS (pH 7) solution towards As (III) 
with a limit of detection of 0.05 ppb.[40] However, the disadvantages of these 
materials are obvious, including high cost, complicated preparation process, and 
the instability and deactivation of biological molecules.[41] Organic molecules 
with As-specific ligands were also used to prepare arsenic sensors. Since As has 
strong affinity towards amino acids, amines, thiols, and acids via strong As-N, 
As-O and As-S interactions, organic molecules with these functional groups on 
the electrode surface can easily capture As (III), thus enhancing arsenic stripping 
signals.[22a, 42] However, due to the strong As-N, As-O and As-S linkages, the 
repeatability, stability and accuracy of these organic molecules modified 
electrodes can be in doubt.[22a]  
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Carbon-based materials, such as CNTs, graphene and graphene oxide (GO), are 
other promising candidates for making arsenic sensors due to their excellent 
conductivity and stability. Carbon-based materials are normally modified with 
functional groups to enhance As adsorption. For example, a monolayer of CNTs 
was functionalized successfully and used to modify GCE or Au electrodes, with 
good electrochemical performance.[43] GO has long been used for 
electrochemical analysis since the decoration of electrodes with graphene oxide 
sheets leads to high conductivity.[44] Furthermore, adsorption to GO  is driven 
by the large delocalized p–electron system allowing GO to interact strongly with 
other molecules,[45] and abundant surface oxygen-containing functional groups 
(-OH, C-O-C, and -COOH) on GO, with disorder on the basal planes and edges 
acting as reactive sites for adsorption of metal ions.[46] In this way, there is an 
increasing trend towards their use in electrochemical detection of heavy metals 
(e.g. arsenic).[47] For example, GO has been used to modify gold electrodes, with 
high sensitivity for arsenic detection.[44b] Noble metal nanoparticles, such as 
nanogold and nanosilver, have been fabricated on GO sheets to form 
nanocomposites and the nanocomposite possessed high electrochemical activity 
in As (III) redox reactions.[5, 47a, 48] [49] 
Metal oxides, such as MnO2, Fe3O4 and PbO2, are another class of nanomaterial 
for producing GO-metal oxides composites and the obtained nanohybrids are 
effective sensing electrodes for As (III) determination.[47b, 50] However, the 
modification of carbon materials with functional groups and other adsorption-
enhancing materials can impair the conductivity, and hence affect 
electrochemical properties. Therefore, rational design of carbon-based materials 
is still a great challenge.   
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Figure 1.4. Schematic of recent developments in the construction of modified electrodes 
aimed at detecting arsenic. Reprinted with permission from ref [22a].  
1.1.5 Conclusions 
Arsenic is a highly toxic and ubiquitous element in the environment. It exists in 
four oxidation states normally. The speciation highly depends on the 
environmental factors such as redox potential and pH. As (III) (arsenite), is the 
dominant form under reducing conditions and is one of the most toxic arsenic 
forms. Arsenic pollution is connected with natural processes and anthropogenic 
activities and is associated with numerous adverse health effects. Arsenic 
contamination of groundwater has drawn much attention as it has been reported 
in more than 70 countries. Given the high toxicity of arsenic, its detection in 
aquatic environments is of great importance.  
There have been quite a few analytical methods developed for arsenic detection. 
Compared with other analytical methods, electrochemical methods stand out 
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because of low-cost, short analysis time, high sensitivity and adaptability to field 
implementation. The key part of electrochemical analysis of arsenic is the 
working electrode and variety of electrode materials for arsenic detection have 
been developed. Gold electrodes, due to their high stability and excellent 
electrochemical performance, appeared to be the most suitable and have been 
widely investigated. 
1.2 H2O2 in biological systems 
1.2.1 Introduction of H2O2 
As a relatively simple natural compound, hydrogen peroxide (H2O2) plays a role 
in a variety of fields, such as pharmaceutical, clinical research, mining activities, 
food processing, textile manufacturing, and biochemistry. [51] In biological 
systems, hydrogen peroxide is one of the most important reactive oxygen species 
(ROS), playing a vital role in various biological processes, such as regulating 
DNA damage, cell apoptosis and protein synthesis.[52] H2O2 is the by-product of 
numerous important biochemical processes involving enzyme catalysts 
(oxidases), such as glucose oxidase, glutamate oxidase, alcohol oxidase, urate 
oxidase, lysine oxidase, and cholesterol oxidase[51a, 51b] contributing to combat 
microorganism invasion, transduce cellular signals and mark oxidative 
damage.[53] Since H2O2 is closely related with various biological processes, 
surveillance of dynamic H2O2 change is a direct reflection of these biological 
processes and the key to elucidate the complicated biological processes. It is 
essentially important to keep H2O2 balanced since a variety of pathological events 
occur if excess of H2O2 accumulate in cells, leading to various diseases such as 
neurodegeneration, Alzheimer’s disease, and cancer.[52a, 52b] Therefore, 
developing a measurement approach which is accurate and sensitive to monitor 
H2O2 level is of great importance in biology and biomedicine.[52a, 54]  
1.2.2 Electrochemical H2O2 sensing 
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Similarly to As detection, a range of traditional analytical techniques such as 
chromatography, spectrophotometry, chemiluminescence, and fluorescence, 
have been developed for H2O2 detection.[53d, 55] However, these techniques 
suffer from the same potential drawbacks identified for As, including complex 
instrumentation, low sensitivity, cost, analysis time, and high interference. 
Electrochemical biosensors have attracted great interest due to their sensitivity, 
fast response time, simple preparation and low cost in comparison with these 
other analytical methods.[52b] There are a variety of electrochemical H2O2 
sensors developed up to now and a number of them involve the use of enzymes. 
Although there has been success in achieving low detection limits and good 
selectivity with enzyme-based biosensors, involving the immobilization of 
enzymes on an electrodes, there are increasing efforts to develop non-enzymatic 
sensors, due to the relatively high cost, complicated preparation process and 
instability of enzyme-based sensors.[41] 
1.2.3 Non-enzymatic materials for electrochemical H2O2 sensing 
1.2.3.1 Metal nanoparticles 
Metal nanoparticles (AgNPs, PtNPs, AuNPs, PdNPs and CoNPs etc) with 
electrocatalytic properties have been widely used to modify electrodes for 
electrochemical H2O2 sensing due to large specific surface area, good 
conductivity and simple preparation.[56] Silver nanoparticles (AgNPs) have 
attracted enormous attention in electrochemical H2O2 sensing, as they exhibit 
favourable catalytic properties.[57] The size and surface coverage of AgNPs have 
been investigated, indicating a close relationship between peak potential and the 
size and coverage.[58] A composite sensor consisting of AgNPs-rGO-MWCNT 
was synthesized, and the sensor was used for H2O2 sensing, showing excellent 
electrocatalytic activity with a wide linearity range and LoD of 0.9 µM.[56b] 
PtNPs have also shown excellent performance towards H2O2 sensing.[59] Owing 
to the excellent electrocatalytic activities of Pt, a higher sensitivity and lower 
oxidation/reduction overvoltage can be obtained on Pt-based electrodes, leading 
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to better anti-interference ability from other co-oxidable substances such as 
ascorbic acid (AA) and uric acid (UA).[60] 
Bimetallic nanoparticles have also been used to improve electrocatalytic 
performance.[52a] Noble bimetallic alloys have shown incomparable 
electrocatalytic properties, including excellent sensitivity, selectivity and 
stability.[61] For example, recently Au-Pt bimetallic nanoparticles were 
electrodeposited on MoS2 nanoflowers, which showed excellent catalytic activity 
for detection of H2O2.[62] MoS2 nanosheet supported Au-Pd bimetallic 
nanoparticles were prepared by a co-reduction method, leading to good 
electrocatalytic activity for H2O2 reduction.[63] Real-time detection of H2O2 has 
been undertaken by using Au-Ag bimetallic nanoparticles on single-walled 
carbon nanotube electrodes.[64] Core-shell nanostructures, as one analogy of 
bimetallic alloys, have unique catalytic activities and better resistance to 
deactivation.[59c] Pt@Au core-shell structures, prepared utilizing a Cu under-
potential deposition (UPD) technique combined with galvanic replacement have 
drawn much attention for methanol oxidation, formic acid oxidation, oxygen 
reduction reaction (ORR), and hydrogen peroxide reduction.[59c, 65] The 
preparation method involves a Cu UPD process on Au followed by galvanic 
replacement of the Cu shell by a Pt monolayer. In consideration of the outstanding 
electroactivity of Pt@Au structures, including higher sensitivity and lower redox 
overpotential,[52c, 59b] Pt@Au core-shell structures are considered as a 
promising candidate for hydrogen peroxide reduction. 
1.2.3.2 Metal hexacyanoferrates 
Ferric hexacyanoferrate, or Prussian Blue (PB), is a Metal Organic Framework 
(MOF) based upon ferric and ferrocyanide, often represented by the general 
structure (FeIII4[FeII(CN)6]3) with iron (III) coordinated to nitrogen and iron (II) 
coordinated to the carbon atom of the cyanide bridging ligand.[66] PB is a 
material of enduring interest, finding applications in energy (batteries and fuel 
cells), water treatment, catalysis, and biomedical fields, due to its 
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electrochemical[67] and physicochemical properties.[68] In the context of 
electrochemical sensing,[69] Prussian blue is often referred to as an artificial 
peroxidase, as the catalytically active reduced form of PB, Prussian White 
(FeII4[FeII(CN)6]3), displays good activity for H2O2 sensing at a relatively low 
applied potential in the presence of O2.[70] Moreover, Selectivity of PB towards 
H2O2 sensing is excellent, due to the porous structure of PB in which only small 
molecules such as H2O2 can penetrate, but larger molecules like AA and UA are 
excluded.[51b] Recently, to further improve the performance of PB, a range of 
studies on PB-based composites have been reported which are particularly aimed 
at improving the stability of PW (FeII4[FeII(CN)6]3), which tends to decompose in 
neutral and alkaline aqueous solutions during catalysis or sensing.[51c] For 
example, reduced graphene oxide, PB, and platinum were combined, exhibiting 
synergistic electrocatalytic activity towards methanol oxidation [68d]. Also, 
PB/rGO nanocomposites were prepared via simultaneous reduction of GO and 
deposition of PB nanocubes,[71] and PB nanocubes have been grown on the 
surface of graphene oxide, with the resulting composite electrochemically 
reduced to obtain PB/rGO, which demonstrated pleasing performance for H2O2 
sensing.[72]  
Other similar metal hexacyanoferrates including copper, cobalt, nickel, 
manganese, and ruthenium hexacyanoferrates have also been applied to H2O2 
sensing.[51c, 73] These metal hexacyanoferrates normally show lower or 
comparable electrocatalytic activity with PB, but the stability in neutral and 
alkaline aqueous solutions has been improved. For example, manganese 
hexacyanoferrate (MnHCF) film was immobilized on an aluminium electrode. 
The as-prepared electrode exhibits excellent H2O2 reduction ability with high 
sensitivity, wide detection range, good selectivity and excellent stability.[73a]       
1.2.3.3 Molybdenum disulphide 
Molybdenum disulphide (MoS2), which shows a similar layered structure to 
graphene, has attracted considerable interest in H2O2 reduction, owing to its good 
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stability and electrocatalytic activity.[74] MoS2 nanoparticles with sizes of less 
than 2 nm have been prepared, and exhibited attractive electrocatalytic activity 
towards H2O2 reduction due to exposure of large amounts of edge active sites and 
high surface area. The MoS2 nanoparticles/GCE H2O2 biosensor has shown 
outstanding sensitivity with a limit of detection of 2.5 nM.[74a] Furthermore, 
MoS2 used as a support to prepare hybrid nanomaterials has been shown to be a 
facile route to improve catalytic activity and stability.[63, 74b, 75] For example, 
AuPt bimetallic nanoparticles were electrodeposited on MoS2 nanoflowers, 
which showed excellent catalytic activity to detect H2O2.[62] MoS2 nanosheet 
supported AuPd bimetallic nanoparticles were prepared by a co-reduction 
method, leading to good electrocatalytic activities for H2O2 reduction.[63]  
1.2.3.4 Other materials 
There are numerous other materials which are targeted for hydrogen peroxide 
reduction. Besides the materials mentioned above, metal oxides, carbon 
nanomaterials such as CNTs and graphene, and some compounds with redox 
ability such as redox polymer and redox dyes, have exhibited extraordinary 
peroxidase mimetic capability.[51b, 76] Some of these materials have been 
reported individually with good performance for electrochemical hydrogen 
peroxide sensing. However in most situations, the above materials are not used 
separately but hybrids or composites of these materials are prepared for better 
electrochemical performance, due to better dispersity and stability of hybrid 
materials, as well as access to synergistic effect.[41, 56b, 77] 
1.2.4 Conclusions 
Hydrogen peroxide is one of the most important reactive oxygen species (ROS), 
playing a vital role in various biological processes, such as regulating DNA 
damage, cell apoptosis and protein synthesis. It is essentially important to keep 
H2O2 balanced since a variety of pathological events occur if excess of H2O2 
accumulate in cells, leading to various diseases such as neurodegeneration, 
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Alzheimer disease, and cancer. Therefore, developing a measurement approach 
which is accurate and sensitive to monitor H2O2 level is of great importance in 
biology and biomedicine.  
Electrochemical biosensors have attracted great interest in the past decades, due 
to the ultra-sensitivity, fast response, simple preparation and low costs in 
comparison with other analytical methods. There are a variety of electrochemical 
H2O2 sensors developed up to now, involving the use of various materials, such 
as metal nanoparticles, metal hexacyanoferrates, molybdenum disulphide, metal 
oxides, carbon nanomaterials such as CNTs and graphene, some compounds with 
redox ability such as redox polymer and redox dyes etc. However, continuous 
advance in electrochemical H2O2 sensing utilizing either novel materials or 
improved materials are still expected, with improved electrochemical 
performance, which will further facilitate the deeper understanding of the 
mechanism involving H2O2 in biological systems.   
1.3 Research questions and aims of this thesis 
Based on the problems and gaps identified for electrochemical As (III) 
determination and electrochemical detection of hydrogen peroxide (H2O2) in 
previous sections, several research questions need to be addressed. Briefly, a wide 
range of novel nanomaterials sensors for higher sensitivity, better stability, 
excellent selectivity, wider linear detection range, and lower limit of detection 
(LoD), are still required.  
Thus, this research program primarily focuses on the development and 
investigation of new nanomaterials, or development of an enhanced 
understanding of morphology on electrochemical detection of As (III) and 
hydrogen peroxide. Several major research questions have been raised and will 
be addressed. They are briefly discussed below: 
What is the intrinsic effect of the morphology of gold-based electrodes on 
arsenic detection?  
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Gold based electrodes and nanomaterials are the most studied for As (III) 
detection. Despite this, the fundamental effect of nanomorphology on arsenic 
sensing is far from clear. Surface structure and morphology play an important 
role in influencing the catalytic activity of gold. Thus, interesting results are 
expected for electrochemical As (III) detection on various Au nanostructures, 
since electroanalysis performance is highly related to the electrode surface. 
Therefore, the effect of morphology of Au surfaces on As (III) sensing, such as 
nanostructures and exposed facets, will be investigated systematically.    
Can the sensitivity and selectivity of As (III) sensors be improved by 
rationally constructing composite nanomaterials? 
The adsorption ability of the electrode materials plays a key role in sensitive 
electrochemical detection of As (III) via stripping methods. The development of 
a composite material, combing materials with promising adsorption ability using 
accessible materials, is thus a valid research goal, as the new material may show 
improved sensitivity. For example, the modification of a Au electrode may be 
undertaken with these materials, such as noble metal and bimetallic nanoparticles, 
metal oxide nanostructures, graphene oxide/graphene and carbon nanotubes, or 
organic molecules functionalized materials, in order to improve the performance 
of the electrode relative to a flat polycrystalline gold substrate. Two kinds of 
materials have been used in this this to modify a gold substrate, Mn2O3/CeO2 
hetero-nanostructures, and graphene oxide frameworks (GOF) for 
electrochemical arsenic detection, as interesting electrochemical sensing 
performance can be expected with the composite nanomaterials.  
Can the selectivity of As (III) sensors be improved, especially for anti-
interference ability from Cu (II) ions in aqueous solutions? 
Pt-based nanomaterials have attracted attention due to the electrocatalytic ability 
of platinum to oxidise As (III) to As (V), with the oxidation peak of As (III) to 
As (V) separated from Cu (II) to limit interference. Pt-PB composites have been 
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developed and tested for selectivity and sensitivity due to the synergistic effect of 
Pt and PB. Some unique electroanalytical properties are expected, especially in 
terms of selectivity.     
Can the sensitivity and stability of sensors be improved via the design and 
preparation of hybrid materials for H2O2 electroanalysis?  
PB shows pleasing catalytical properties for H2O2 electroanalysis, but its stability 
in solutions is still a great challenge. The design and preparation of PB hybrids 
will be one option to improve the stability. In this part, one strategy to utilize 
galvanic replacement will be evaluated to obtain PB hybrids. This method is 
expected to stabilise the redox active PB and the as-synthesised hybrids are then 
tested for H2O2 electroanalysis.  
The second hybrids sensors are based on MoS2 flakes modified Au electrodes, 
which consist of MoS2 supporting Pt@Au core-shell structures or MoS2 
supporting AuCN/PB composites. These MoS2 hybrids sensors are expected with 
enhanced activity, selectivity and stability towards H2O2 reduction.  
Can functionalisation and heat treatment of PB based composites prepared 
in this thesis lead to AuNPs dispersed on an Fe-based support? Is this 
material useful for As (III) sensing, and does it behave similar to other Au 
based nanomaterials in model catalytic reactions? 
Molecular Organic Frameworks have drawn considerable attention, being an idea 
self-sacrificing template for producing heterogeneous nanomaterials via direct 
pyrolysis. Due to the successful preparation of PB based composites in the thesis, 
we are thus interested in the products via pyrolysis of PB based composites. 
AuNPs dispersed Fe-based nanomaterials are expected in this way, which may be 
active towards As (III) sensing and various catalytic reactions due to the unique 
nanostructures of the products. Therefore, In this part PB based composites are 
heat-treated first, and the as-prepared products are characterized first and then 
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applied to As (III) sensing and model catalytic reactions to investigate 
performance.  
1.4 Thesis outline 
The thesis contains 8 Chapters with relevant references. The rationale of the 
research programme was introduced in this Chapter, including a general 
introduction of arsenic and hydrogen peroxide, a literature review of the 
importance and current state of electrochemical As (III) detection and H2O2 
sensing. Then the author’s motivation to conduct the research programme was 
presented followed by the introduction of the research questions addressed in the 
thesis. Chapter 2 is the experimental section, in which the general theory and 
techniques used in the thesis are introduced, including physical, chemical and 
electrochemical methods utilized for materials synthesis, characterization and 
applications in the thesis.  
The main content of this thesis consists of 5 chapters (Chapter 3 to Chapter 7). 
Chapter 3 studies a set of Au nanostructures for As (III) detection, including 
electrodeposited AuNPs, Au spikes, shaped AuNPs and Au dendrites, aiming at 
understanding the effect of electrodeposition parameters and morphology on the 
performance of Au nanostructures for the detection of As (III). In Chapter 4, two 
kinds of nanomaterials (metal oxide and graphene-based materials) with excellent 
As adsorption ability and electron conductivity are utilized separately to modify 
a Au substrate. The as-prepared composite materials are investigated with regard 
to improved electrochemical performance, especially for sensitivity of As (III) 
sensing. The selectivity of nanomaterials in As (III) determination has also been 
promoted in Chapter 5 on Pt-PB nanocubes. Charpter 6 is about the study of H2O2 
sensors based on several nanomaterials. AuCN/PB nanocube composites were 
first prepared via a simple one-step galvanic replacement, which show higher 
stability and sensitivity than PB nanocubes. In addition, two hybrid sensors, 
consisting of MoS2 supporting Pt@Au core-shell structures and MoS2 supporting 
AuCN/PB composites, have also been studied, exhibiting enhanced activity and 
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stability towards H2O2 reduction. Chapter 7 is concerned with the preparation of 
AuNPs-dispersed on Fe-based supports via direct pyrolysis of AuCN/PB 
composites, and applications tested in heterogeneous catalysis and 
electrochemical As (III) detection. 
Finally, conclusions and future outlook are discussed in Chapter 8. This chapter 
includes a brief summary of the main results in the thesis, and a critical analysis 
of these conclusions. Future work based on current research results were also put 
forward in this chapter.    
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2.1 Electrochemical techniques 
All electrochemical experiments in this thesis were conducted similarly in a 
standard three-electrode setup. Therefore, lots of common features have been 
shared and outlined here in this chapter. But one can also refer to the detailed, 
more specific experimental section for each research programme in each chapter 
(Chapter 3 to Chapter 7). Briefly, electrochemical experiments were all 
undertaken on a CH Instruments (CHI 760C) electrochemical workstation with a 
standard three-electrode system, with a working electrode (WE), a counter 
(auxiliary) electrode (CE), and a reference electrode (RE). A schematic figure 
was shown in Figure 2.1,[1] which is a representation of the system used in this 
thesis. A variety of different working electrodes (either nanomaterials modified 
Au electrodes or nanomaterials modified GC electrodes) were employed. An inert 
graphite rod (6 mm diameter, Johnson Matthey Ultra “F” purity grade) was 
chosen as a counter electrode for gold spikes electrodeposition (Chapter 3), 
otherwise a platinum wire was always worked as the counter electrode. And an 
Ag/AgCl (3 M NaCl) electrode (ALS Company, Japan) was used as a reference 
electrode. Unless otherwise stated, all potentials in this thesis are referred directly 
to the Ag/AgCl (3 M NaCl, 0.210 V vs SHE) reference electrode. 
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Figure 2.1. Schematic representation of three-electrode electrochemical cell setup. 
Reprinted with permission from ref [1]. 
The three electrodes were positioned into the electrolyte (normally 10 mL) with 
a Teflon-capped glass vial. All solutions in the glass vial were degassed with a 
N2 stream for 10 min prior to each experiment, and a continuous N2 flow was 
maintained over the solution headspace during the electrochemical process. 
Electrochemical behaviour of the investigated system (working electrode and 
electrolyte interfaces) was obtained by controlling the potentiostat with a support 
computer via various electrochemical techniques, which will be discussed in the 
following sections (Figure 2.2). 
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Figure 2.2. Scheme of a 3-electrode cell used in voltammetry techniques. Reprinted with 
permission from ref [2]. 
2.1.1 Cyclic voltammetry (CV) 
As one of the most complex electrochemical techniques, CV has long been used 
to study electroactive species.[3] CV is the voltammetry in which a cycling 
potential is applied and the resulting current is thus measured simultaneously. As 
shown in Figure 2.3,[3] the applied potential, i.e. excitation signal, is a linear 
potential scan with a triangular waveform. The excitation signal scanning starts 
from the initial potential at E1, and first linearly to E2 (Point b), where the sweep 
direction is reversed, resulting in a reversed scan back to the starting point at E1, 
thus one cycle is obtained. The length of the time period is decided by the scan 
rate (n), with the unit of mV/s or V/s. Then the second cycle is followed as shown 
in dash line. Repeatedly, multiple cycles can be applied. The corresponding 
current is recorded as the response signal. Therefore, the cyclic voltammogram is 
plotted of potential (horizontal axis) versus current (vertical axis). 
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Figure 2.3. Typical excitation signal for cyclic voltammetry: a triangular potential 
waveform with switching potentials at 0.8 and -0.2 V versus SCE. Reprinted with 
permission from ref [3]. 
The potential window is normally chosen where redox processes occur. 
Therefore, CVs contains a wealth of experimental information of kinetic and 
thermodynamic details, such as redox potentials, redox states, electrochemical 
reversibility, the number and rate of transferred electrons etc.[4] Since CV is 
capable of rapidly and sensitively observing the redox behaviour of electroactive 
species, it has become a useful method to study redox states.[3] One typical 
example is CV conducted in electrolyte where K3Fe(CN)6 is used as the 
electroactive species and KNO3 as supporting electrolyte. The Randles-Sevcik 
equation [5] was presented to describe the peak current for a reversible system, 
which is as follow: 
𝐼" = 2.69 × 10;𝑛<=𝐴𝐷>=𝐶𝜈>= 
Where 𝐼" is maximum current (A), 𝑛 is number of electrons transferred in the 
redox event, 𝐴 is the ECSA (cm2), 𝐷 is the diffusion coefficient (cm2/s), 	𝐶 is the 
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concentration of electroactive specie (mol/cm3), and 𝜈  is the scan rate (V/s). 
Parameters, such as number of electrons transferred and diffusion coefficient can 
be predicted, and electrode mechanisms can be studied by the relationship, since 
peak current increases with 𝜈AB  and is proportional to concentration.[3] For 
example, if the plots of current as a function of the square root of the scan rate 
exhibit good linear trend, the redox process is diffusion-controlled process in 
solution.  
2.1.2 Square-wave voltammetry (SWV) 
SWV is one of the major voltammetric techniques because of its high sensitivity 
and reduced background, and has become the best electroanalytical method for 
electroactive molecules adsorbed on the electrode surface.[6] Moreover, SWV 
allows experiments to be conducted faster with scan rates of up to 1 V/s or faster. 
Typically, there are two SWV techniques: direct and stripping measurements. 
The former one analyses analytes directly, but the stripping method needs 
adsorptive accumulation or pre-deposition of analytes first, followed by the 
normal scan. Here in this thesis, stripping SWV was invariably used for As 
analysis to determine As on various working electrodes. 
The relationship between time and applied potential for SWV is shown in Figure 
2.4. One staircase period or one square wave cycle (τ) is the SW period. Thus the 
SW frenquency (f) is 1/τ. The SW amplitude, Esw, is the height of SW pulse, and 
scan increment is the step height. Thus the scan rate equals to DE/τ=DE×f. Two 
currents, i.e. the forward pulse (if) and backward pulse (ib), are recorded. And the 
net response between two currents (if-ib) is plotted vs. the potential staircase.[6]     
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Figure 2.4. Scheme of the square-wave excitation signal. Eacc starting potential; t0 delay 
time; Esw SW amplitude; DE scan increment; τ SW period; if forward current; ib 
backward current, and (•) points where they were sampled. Reprinted with permission 
from ref [6]. 
2.1.3 Amperometry 
Amperometry is a technique in which a potential is applied and the resulting 
Faradaic current is recorded during a fixed period of time. It is a powerful 
technique to pry into the mechanistic information on electrode processes. 
Amperometry has been widely used for electrodeposition of a variety of materials 
due to its high efficiency in formation of desired materials by applying the fixed 
potential as a function of time. Amperometry was normally used based on the 
initial information obtained from other electrochemical techniques such as CV.[7] 
These supporting electrochemical techniques allow the proper determination of 
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parameters such as applied potential and deposition time, which have a large 
influence on the morphology of the prepared materials. In this way, materials with 
different size, shape and coverage can be tuned by amperometry. 
Amperometry is also a facile method in the field of electroanalysis. By applying 
a fixed potential during a period of time, the resulting current can be used to 
monitor the presence and amount of analytes in solution. The Cottrell equation 
describes the Faradaic current on a planar electrode, which is as follows:[8] 
𝑖 = nFA𝐷> =F 𝐶)𝜋> =F 𝑡> =F  
Where 𝑖 is maximum current (A), 𝑛 is number of electrons involved,	F is Faraday 
constant (96485 C/mol), 𝐴 is the area of the electrode (cm2), 𝐷 is the diffusion 
coefficient (cm2/s), 	𝐶) is the initial concentration of analyte (mol/cm3), and 𝑡 is 
the time (s). Since the current is proportional to the concentration of analyte, i-t 
curve is widely used to probe analytes.  
2.2 Characterization techniques 
2.2.1 Scanning electron microscopy (SEM) 
SEM is one of the most commonly used methods to characterize the morphology 
of materials. By scanning the surface of materials with a focused beam of 
electrons, atoms in materials could react with electrons via electron-specimen 
interaction, producing a wealth of signals which can be collected by detectors to 
obtain topography and specimen composition.[9] As shown in Figure 2.5, various 
electrons such as secondary electrons (SE), backscattered electrons (BSE), auger 
electrons (AE) etc, can be generated from a surface by the bombardment of the 
beam electrons. SE are defined as maximum energy of 50 eV. Due to the low 
energy of SE, these electrons are ejected from a relatively localized surface region 
around the beam electrons and only SE within the escape depth can be observed. 
The escape depth highly depends on the atomic number of materials, for example, 
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the escape depth is ~5 nm for metals but up to 75 nm for insulators.[9] SE carries 
a wealth of information, especially to deliver higher-resolution information than 
images obtained from backscattered electrons due to smaller sample volume.[10] 
BSE are the scattering electrons with energy in the range of 50 eV to E0 and 
typically emitted from the top one-third of the excited volume.[10] BSE have the 
capability to show different compositions based on the contrast in intensity 
between high atomic number elements and low atomic number elements, since 
the proportion of BSE hugely depends on the mean atomic number of the 
specimen. For example, in BSE spectrum, gold obtains the distinct peak at 0.9E0, 
where the maximum peak for carbon is located at 0.5-0.6E0.[9] Atomic number 
units with a difference of as low as 0.1-0.3 can be distinguished in modern 
electron detectors.[10]      
 
Figure 2.5. Schematic drawing of signals for a thin sample generated by the impinging 
electrons. E0, energy of beam electrons; E, energy of signal electrons; EAE, energy of 
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Auger electrons; DE, energy loss of inelastically scattered electrons; hn, energy of 
radiation. Reprinted with permission from ref [9]. 
Generally, a large working distance (WD) range from 5-30 mm should be ensured 
to allow detectors to collect various signals at their optimum positions.[9] 
Conventionally, an ET (Everhart-Thornley, 1960) detector for SE and a BSE 
detector are located laterally and centrally above specimen, respectively.[9] 
However, in fact due to the limitation of the space and the requirement of short 
WD for higher resolution, other new designs such as retractable detectors (e.g., 
BSE detectors) are available nowadays.[9]   
Scanning electron microscopy in this thesis was performed using a FEI Verios 
460L SEM. This SEM was equipped with a retractable concentric 
backscatter electron (CBS) detector for backscatter imaging. Different WD and 
accelerating voltages (1-15 KV) were applied based on different materials and 
the requirements of SE or BSE images. Detailed parameters can be found in each 
chapter.       
 2.2.2 Transmission electron microscopy (TEM) 
TEM is another kind of electron microscopy, which is widely used for 
characterization of materials. Unlike in SEM, where fast electrons such as 
secondary electrons and backscattered electrons were emitted and detected, TEM 
is instead a technique in which beam electrons are transmitted through the 
specimen to form an image (see Figure 2.5). Therefore, the thickness of specimen 
is restricted, and mostly an ultrathin specimen with thickness of less than 100 nm 
is desired. Moreover, much higher accelerating voltages (100-400 KV) than in 
SEM (1-30 KV) are applied to ensure a significant number of electrons to transmit 
through the specimen.[7] 
De Broglie’s famous ideas of the wave-particle duality relates the wavelength of 
electrons and their energy:[11] 
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l = ℎ(2𝑚)𝑒𝑉)> =F  
Where l is electron wavelength, ℎ is Planck constant,	𝑚) is electron mass, 𝑒 is 
the charge on the electron, 𝑉 is the accelerating voltage. One important concept 
is then presented: the electron wavelength decreases by increasing the 
accelerating voltage. When applying high-energy accelerating voltage of 100-400 
kV, the atoms in specimen can work as a diffreaction grating to the transmitting 
high-energy electrons since high-energy electrons obtain wavelength of a few 
thousandths of a nanometre,[11] which is much smaller than the spacing of atoms 
in specimen. Thus, diffraction of the electrons occurs, which can be used to 
determine crystal structures and examination crystal detects in the sample. 
Therefore, apart from the formation of an image in the image plane, TEM is 
capable of formation of a diffraction pattern in the back plane, which contains 
information of crystallographic orientation of the specimen.[7] But the diffraction 
pattern resulting from incident beam impinging upon surface atoms in the 
specimen is just based on the localized crystallography of a selected area, which 
is called selected area electron diffraction (SAED) pattern. It is not an average 
bulk analytical technique.  
High-resolution transmission electron microscopy (HRTEM) needs the use of 
ultrathin sample tens of nanometers thick and images the electrons at high 
magnification.[9] HRTEM is capable of identification of individual atoms in a 
specimen, therefore, the composition and structures of materials can be studied 
visually. HRTEM is a strong method for investigating materials at atomic level. 
By studying the lattice fringe, various atomic structures and defects, such as 
twins, stacking faults, and intersections etc, can be identified.[9]         
In this thesis, TEM and HRTEM images were performed on JEOL 1010 and 
JEOL 2010 TEM microscopes with an accelerating voltage of 100 kV and 200 
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kV, respectively. Nanomaterials were first dispersed in Milli-Q water and used to 
decorate Holey carbon TEM grids. 
2.2.3 Energy dispersive X-ray spectroscopy (EDS) 
EDS is a characterization technique used for elemental analysis of a specimen. 
As we have discussed before, a variety of signals can be emitted via the 
interaction of impinging electrons and a specimen (Figure 2.5). One of the signals 
is X-ray photons, which are generated when the beam electrons are larger than 
the electron binding energy.[12] Energetic beam electrons first ionize the inner 
shell by ejecting electrons from the inner shell, and the created inner shell vacancy 
is refilled by higher-energy outer shell electrons to emit X-ray photon of 
characteristic energy.[12] Since each element obtains a specific atomic structure, 
the energy of X-ray photons is defined to each atom species. The X-rays are 
collected and measured using the energy dispersive spectrometers qualitatively, 
allowing a unique set of characteristic peaks on the electromagnetic emission 
spectrum.[12] Furthermore, the intensity of X-rays is recorded to quantify the 
analysis.[10] The use of energy dispersive detectors makes analysis extremely 
fast, for example it only takes a few seconds to identify most materials.[10] 
Another advantage of EDS is that much larger solid angle of X-rays can be 
detected due to close WD.   
Energy dispersive X-ray microanalysis instruments are often designed as a hybrid 
with electron microscopy, including SEM and TEM, since there is considerable 
similarity between the instrumentations. Here in this thesis, EDS were both 
measured on SEM and TEM instruments. FEI Verios 460L SEM was used with 
an Oxford X-MaxN20 for energy dispersive x-ray spectroscopy (EDS), at an 
accelerating voltage of 15 kV and WD of 5.6 mm. JEOL 2100F TEM was applied 
with a Si(Li) X-ray detector at the accelerating voltage of 200 kV.  
2.2.4 X-ray diffraction (XRD) 
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X-ray diffraction is a convenient and non-destructive phase analysis technique to 
determine the average bulk phase composition, crystallographic structure and 
dimensions of unit cells of crystalline materials. XRD is usually the first and most 
commonly used method to identify the composition and structure of unknown 
substances. The principle of XRD is that the incident X-ray beam applied leads 
to secondary wave scattering by crystalline atoms within the  specimen. [13] In 
this way, XRD is used extensively for a variety of applications, such as to identify 
the phase composition and crystal structure, to determine unit cell lattice 
parameters and residual strain, and to measure crystallite size and micro-strain. 
The secondary wave emitted by X-rays is scattered without particular directions 
by the specimen atoms.  Atoms in a 3-dimensional ordered array lead to 
diffraction in well-defined directions, which is the called Bragg angle.[7] On the 
assumption of a crystal consisting of infinite planes, Bragg’s description of X-ray 
diffraction is as follows:[13] 𝑛l = 2𝑑 sin 𝜃 
Where l is wavelength of incident X-ray, 𝑛 is a positive integer and the order of 
the plane, 	𝑑  is interplanar distance, 𝜃  is the scattering angle. Therefore, the 
diffracted peaks acquired can provide important information on the atomic spatial 
arrangements of materials. X-ray sources with a monochromatic wavelength is 
produced using conventional sources or a synchrotron, typically with a Cu Kα 
radiation (λ=1.5406 Å) and to follow Bragg’s law, a goniometer is used to orient 
the sample.[13]   
As a diffraction technique, XRD is similar to SAED to identify crystal 
composition and structure. But some unique characteristics exist, such as much 
larger samples areas up to several centimetres in size can be examined than in 
SAED, therefore XRD is more a bulk analytical technique, and the requirement 
of ultrathin layer is not necessary, which allows large amounts and sizes of 
materials in the form of powders, grains and plates to be analysed. 
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In this thesis, X-ray diffraction (XRD) patterns were taken on Bruker D4 
Endeavor X-ray diffractometer with Cu Kα radiation (λ=1.5406 Å). Grazing 
incidence small angle X-ray diffraction (GID) patterns were obtained with a 
Bruker AXS D8 Discover with General Area Detector Diffraction System 
(GADDS) using Cu Kα radiation (l = 1.5406 Å) and a ω of 1 degree. 
 2.2.5 X-ray photoelectron spectroscopy (XPS) 
As one of the most common analysis techniques, X-ray photoelectron 
spectroscopy (XPS) has been extensively used to determine elemental 
composition and surface chemistry of a variety of materials.[14] XPS is a 
versatile technique that almost entire periodic table can be identified with except 
H and He.[15] XPS can work as a supplementary technique to EDS in elemental 
identification of specimens. Unlike EDS, which is based on the average bulk 
composition of materials, XPS is surface-sensitive analysis technique with 
effective sampling depth of less than 10 nm.[7, 16] Furthermore, XPS is a more 
powerful method, since the binding energy of atoms highly depends on the 
chemical environment of the atoms, thus it can provide a wealth of information 
including the chemical environment and oxidation state of the elements within 
specimen. 
This technique involves the photoelectric interaction of impinging X-ray beam 
with atoms in the specimen, leading to the ejection of photoelectrons with discrete 
kinetic energies.[14] The photoelectrons are collected and processed into a 
spectrum.[15] Since the impinging X-ray energy (ℎn) has to exceed the binding 
energy (𝐸. ) of a core-level electron, 𝐸.  can be measured by considering the 
kinetic energies (𝐸/) of the ejected photoelectrons and the small correction of the 
work function (𝐸f) based on energy conservation following the equation:[14-16] 𝐸. = ℎn − 𝐸/ − 𝐸f 
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The binding energy of the ejected photoelectron is specific to discrete orbitals 
from which the photoelectron comes. The characteristic values of kinetic energies 
(𝐸/) for specific photoelectrons are determined by an electron energy analyser, 
and the value of 𝐸f is constant, thus binding energy can be easily decided.   
Ultrahigh vacuum (UHV) conditions (typically 10-9-10-11 torr) are very important 
for XPS analysis. Low pressure is beneficial to maintaining the integrity and 
cleanliness of materials surface since it becomes harder for adsorbate to cover 
surface in higher vacuum.[15] Furthermore, the scattering of photoelectrons is 
minimized and the mean free path of the photoelectrons is maximized, therefore, 
energy losses of photoelectrons triggered by other gas molecules in the chamber 
can be inhibited under UHV conditions, so that more accurate the kinetic energies 
are, leading to reliable binding energies.[15] Because of the requirement of UHV 
conditions, normally solids are analysed by XPS.   
X-ray beams originate from the anode materials, typically Al or Mg X-ray source, 
with a cathode (tungsten filament, LaB6), stimulating by a large electric 
potential.[15] Instead of the direct use of X-ray gun, monochromators are also 
applied. Similar with in XRD, the employment of monochromator crystal ensures 
desired emission lines are selected and Bragg relationship is satisfied.   
XPS is capable of analysing elements qualitatively and quantitatively.[15] 
Identification of elements is basically based on the peak binding energies, and 
can be fulfilled with the recording of survey spectra. Quantitative elemental 
analysis is obtained on the basis of the intensities of peaks from high-resolution 
spectra, by peak-fitting and integrating peaks areas.  
X-ray photoelectron spectroscopy (XPS) analysis in this thesis was performed on 
Thermo Scientific K-Alpha X-ray photoelectron spectrometer using a Al Kα X-
ray source (Ephoton = 1486.7 eV) using the C 1s peak at 284.6 eV as an internal 
standard. 
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2.2.6 Fourier transform infrared spectroscopy (FTIR) 
FTIR has been widely used to identify materials as a rapid, accurate and sensitive 
analytical technique. Infrared spectroscopy is an old technique with history of 
more than 70 years, where a collimated source beam passes through the sample 
and some of the infrared radiation is absorbed, but some is transmitted and 
received by the detector.[15, 17] But the main limitation of such conventional 
dispersive spectroscopy is the slow scanning process, due to the use of grating or 
prism. Instead one optical device called an interferometer is employed in FTIR, 
which dramatically shortens the measurement time. Meanwhile, the collected 
signals called interferograms are processed via Fourier transformation on a 
computer, and FTIR spectra are thus acquired. Since each material obtains 
specific absorption and emission ability, FTIR is thus used as a fast fingerprint 
for various kinds of materials.[15] Fourier transform infrared (FTIR) spectra in 
this thesis were collected on a Perkin-Elmer frontier FTIR spectrometer. 
2.2.7 Raman spectroscopy  
Raman spectroscopy is a widely used technique for molecules structure and 
dynamic information of solid, liquid and gaseous materials.[15] Raman 
spectroscopy is based on the interaction of a laser beam with a material, causing 
the inelastic scattering (called Raman effect), i.e. the frequency change of 
photons, of monochromatic light from the laser source. The reemitted photons 
frequency shifts up and down, which is highly related to the vibrational, rotational 
and other transitional modes in molecules. Therefore, Raman spectroscopy yields 
similar but complementary information on materials with FITR.[15]  
The Raman effect originates from the interaction of laser beam and molecules. 
However, a laser beam with frequency n)  is a kind of oscillating 
electromagenetic wave, which induces the molecular deformation periodically, 
resulting in the molecular vibrating.[15] In other words, laser light transforms the 
molecule into oscillating dipoles, which could emit photons with three 
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frequencies. If the frequency of reemitted photons obtains the same frequencyn) 
with the original laser beam, the phenomenon is called Rayleigh scattering. 
However, if part of the energy in original photon is absorbed, and the frequency 
of scattering photon decreases, this is called Stokes transition. Instead, if the 
frequency of scattering photon increases by gaining the energy from sample 
molecules, Anti-Stokes transition occurs.[7] Rayleigh scattering occurs most 
frequently in about 99.999 % cases. Therefore, special filters and apertures are 
always applied to reduce the interference of Rayleigh scattering from Raman 
scattering.[15] 
In this thesis, Raman measurements were recorded on Perkin-Elmer Raman 
Station 400F Raman spectrometer with a 785 nm excitation wavelength. 
2.2.8 Ultraviolet-visible spectroscopy (UV-Vis) 
UV-Vis is one of the oldest spectroscopy techniques, with great importance in 
varied applications in chemistry, physics, and biochemistry.[18] UV-Vis refers to 
applying ultraviolet and visible radiation (in the range of 190-750 nm) to 
specimen, and the absorption or reflectance spectroscopy is measured afterwards 
to provide information on the molecules in the specimen. The applied UV-Vis 
radiation is an electromagnetic wave, which causes the electronic transitions of 
atoms in the specimen, i.e. absorption of UV-Vis promotes the electrons from the 
ground state to excited state. Based on the Bohr-Einstein relationship:[18] 
D𝐸 = ℎn = ℎ𝑐
l
 
Where D𝐸 is the energy difference between a ground state and excited state, ℎ is 
Planck’s constant,	n is frequency of photon,	l is wavelength,  𝑐 is the speed of 
light. The relationship indicates longer exciting wavelength is required if D𝐸 is 
smaller. Only when the wavelengths correspond to the D𝐸, can they be absorbed. 
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The relationship between wavelength and absorbance (or transmittance) of the 
specimen is plotted, revealing structural information of samples. 
Molecules contain p–electrons, s-electrons or non-bonding electrons (n-
electrons), and there are four types of electronic transitions: p-p*, n-p*, s-s*, 
and n-s*. But in UV-Vis region, only the former two types (p-p* and n-p*) can 
be observed. Many molecules containing only single bonds (i.e. s-electrons), 
which cannot be excited by light in UV-Vis region because UV-Vis doesn’t have 
enough energy to excite single bonds. This is the reason that these molecules 
appear colourless. On the contrary, molecules containing number of conjugated 
p–electrons respond to colours, and the number of conjugation determines the 
wavelength of maximum transmittance.[18] 
The Bouguer-Lambert-Beer law forms the basis of quantitative analysis of 
absorption spectroscopy, which describes the relationship between absorbance 
and concentrations of specimen in UV-Vis:[18] 
𝑐 = Ad · ε 
Where 𝑐 is concentration of light-absorbing substance, 𝐴 is absorbance,	𝑑 is path 
length of the sample in cm,	𝜀 is molar decadic extinction coefficient. Therefore, 
UV-Vis has been extensively used to a variety of analytical applications.[18]  
In this thesis, the time-dependent absorption spectra were recorded on the Cary 
500 Scan UV-Vis-NIR spectrophotometer in the range 200-500 nm in a standard 
1 cm path length quartz cuvette. 
2.2.9 Nitrogen sorption measurements 
Nitrogen sorption measurement is a widely used method for the characterization 
of porous materials.[19] Important physical properties, such as surface area and 
porosity, can be determined based on adsorption isotherms by exposing materials 
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to N2 at the temperature of liquid nitrogen (~77 K).[19a, 20] The technique relies 
on Brunauer–Emmett–Teller (BET) theory, involving the physical adsorption of 
gas molecules on solid surface in a close-packed state. It is suitable for pores in 
the range of 2 nm to 150 nm.[20] 
BET theory is a simplified model on several assumptions.[19a] 1) Molecules are 
adsorbed on the adsorbent surface in a non-preferred manner. 2) The 
neighbouring sites have no influence on molecules adsorption, i.e. the lateral 
interactions can be ignored between adsorbed molecules. 3) One molecule works 
as a single adsorption site for another molecule in the second layer. 4) The number 
of molecule layer is infinity at saturation pressure (p0).[19] During the adsorption 
process, an adsorbed layer of nitrogen forms on the surface of the pore under the 
pressure, and the thickness of the layers increases with the increase of pressure. 
Until the reach of condensation pressure (p*), liquid-like condensed phase 
generates, leading to a step increase in the adsorption isotherm. The adsorption 
keeps increasing above p* due to the compression of the condensed phase. 
Reversely, the pressure starts to decrease to the starting point in the desorption 
process, and a hysteresis loop forms between adsorption and desorption 
isotherms, which provides information on the connectivity of pore network.[21] 
A small regime of the isotherm is used to evaluate the BET surface area since it’s 
based on the monolayer coverage of nitrogen on surface.[20] The pore size 
distribution is determined using Barrett–Joyner–Halenda (BJH) method based on 
Kelvin equation, which gives the dependence of p/p0 on the mean radius of 
curvature.[19b] 
Nitrogen sorption measurements in the thesis were carried out at 77 K on a 
Micromeritics (ASAP 2400) analyser. Brunauer–Emmett–Teller (BET) and 
Barrett–Joyner–Halenda (BJH) methods were used to calculate surface area, pore 
volume and pore size distribution based on the nitrogen desorption branch.   
47 
 
 2.3 Materials  
2.3.1 Chemicals 
All chemicals except otherwise stated were obtained from Sigma Aldrich and of 
analytical grade. They are used as received without further purification, including 
Pb(CH3COO)2·3H2O (99%), Gold (III) chloride trihydrate (HAuCl4·3H2O, 
99.9%), cetyltrimethylammonium bromide (CTAB, 99%), L-ascorbic acid (AA, 
99%), cetyltrimethylammonium chloride (CTAC, 25 wt. % in H2O,), sodium 
bromide (NaBr, 99%), lead nitrate (Pb(NO3)2, 99%), nafion perfluorinated resin 
solution (5 wt. %), L-Cysteine, As2O3 (99%), Na2HAsO4·7H2O, CuSO4, CaCl2, 
Fe(NO3)3·9H2O, HgCl2, Zn(NO3)2·6H2O, Cd(NO3)2·4H2O , Bi2O3, 
polyvineypirrolydone (PVP, MW=40000), K4Fe(CN)6, K3Fe(CN)6, K2PtCl4, 
KCl, KNO3, FeCl3, Ce(NO3)3·6H2O, Mn(NO3)2·4H2O, graphite flakes, KMnO4, 
N,N-dimethyformamide (DMF), methanol, benzene 1,4-diboronic acid, N-
nethyl-2-pyrrolidone (NMP), MoS2 powders, dopamine hydrochloride, and L-
glucose. H2O2 (30%), uric acid (UA), 4-nitrophenol and NaBH4 were bought from 
BDH Chemicals.  
As (III) stock solution was prepared by dissolving As2O3 in concentrated NaOH, 
and the pH was adjusted to 3.0 with concentrated HNO3 or H2SO4 and then diluted 
with Milli-Q water. As (V) stock solution (1 g/L) was prepared by dissolving 
Na2HAsO4·7H2O in Milli-Q water. Bi2O3 was first dissolved in HNO3 and then 
diluted to make stock solution. Solutions of other concentrations were prepared 
from this stock solution. All the solutions were prepared with Milli-Q (18 MΩ 
cm-1) deionized water.  
2.3.2 Electrode materials 
The Au substrate was fabricated by evaporating 10 nm of Ti, followed by 150 nm 
of Au on a Si wafer using an E-beam evaporation system on a PVD 75 instrument. 
The Au substrate was rinsed three times with acetone, ethanol and Milli-Q, 
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respectively and dried under nitrogen. Then, the Au substrate was partially 
covered by Kapton tape leaving an exposed circle with a diameter of 0.3 cm. 
Glassy carbon electrode (GCE) and rotating glassy carbon disk electrode (RDE) 
with inner diameter of 3 mm was purchased from ALS, Japan. Glassy carbon 
(GC) substrate (Sigradur G) was purchased from HTW, Germany. To prepare the 
working electrode, the glassy carbon electrode was polished with 0.05 µm 
alumina slurry followed by sonication in Milli-Q water for 10 min. For GC 
substrate, similar to Au substrate, reproducible geometric areas were obtained by 
masking with Kapton tape. Nanomaterials were then applied to modify the 
electrode where appropriate. 
Graphite rod (diam. 3 mm, Sigma Aldrich), and boron-doped diamond (BDD) 
electrodes were prepared in the same way. For carbon paste electrode (CPE), 
nanomaterials were mixed well with carbon paste first to get a 
nanomaterials:carbon paste weight ratio of 1:1, and then nanomaterials-carbon 
paste was used to construct the electrode by packing firmly the mixture into a 
CPE shell with a copper wire to make contact.   
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Chapter 3 
 
 
 
 
 
 
 
 
 
 
The Effect of Electrodeposition Parameters 
and Morphology on the Performance of Au 
Nanostructures for the Detection of As (III) 
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3.1 Introduction 
3.1.1 Electrochemical arsenic (III) detection on gold electrode 
Arsenic (As) is a naturally occurring toxic substance associated with adverse 
health effects, including mutagenicity and carcinogenity.[1] Contamination of 
groundwater by arsenic has been reported in more than 20 countries [2] with a 
recommended 10 ppb upper limit for drinking water set by the World Health 
Organization (WHO).[3] Arsenite (As (III)) is considered the most toxic form in 
natural water, while Arsenate (As (V)) is 50 times less poisonous and generally 
the most stable in oxidising conditions.[4] Anthropogenic emissions of arsenic 
from industrial effluents, combustion of fossil fuels, or mining of As containing 
ores are a significant source, as are natural origins such as As bearing minerals.[5]  
A variety of conventional laboratory analytical techniques are available for 
arsenic detection including atomic absorption/fluorescence spectrometry, surface 
enhanced raman scattering (SERS), high performance liquid/gas chromatography 
and inductively coupled plasma mass spectrometry (ICPMS).[6] However, there 
remains a need for detection methods that are economically competitive, due to 
prevalent As in remote regions of the developing world, and such methods must 
be accurate and convenient for technicians to conduct on-site analysis. 
Electrochemical methods are useful to this end,[7] and a large range of materials 
have been developed for electrochemical detection of arsenic. Gold-based 
materials have been studied extensively for electrochemical detection of Arsenic 
(As), with the technique of Anodic Stripping Voltammetry (ASV) offering 
excellent sensitivity and limit of detection.[8] Nanostructured Au electrodes have 
been shown to have a lower limit of detection (LoD) and higher sensitivity than 
conventional gold electrodes due to their increased surface area. A variety of 
chemical techniques have been developed to fabricate Au nanostructures with 
controlled shapes such as flower-like particles,[9] textile-like sheet arrays,[10] 
nanowires,[11] nanobelts and nanocombs,[12] nanoplates,[13] polyhedral,[14] 
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hexagram shaped[15] and dendrites.[16] Electrodeposition is the most efficient 
technique for directly producing nanostructured surfaces onto conducting 
substrates that can be directly used as the sensor. Compared with AuNPs prepared 
by complex wet-chemical method, which tend to aggregate due to high surface 
energy but applying capping agents would decrease activity, electrodeposited 
gold structures is much surface cleaner and more stable via a rapid and simple 
one-step electrodeposition.  
Thus, the first part of the chapter presents a simple, one-step fabrication of gold 
nanoparticles (AuNPs) on gold substrate via continuous cyclic voltammetry (CV) 
in tetrachloroauric (III) solutions. The as-prepared AuNPs were applied for 
arsenic (III) detection in acidic solution. To obtained the best As (III) analysis 
sensitivity, a series of conditions were optimized including CV scan segments 
and Au (IIII) concentrations at the stage of fabrication of AuNPs, and electrolytes, 
predeposition time and potential for anodic stripping analysis. Two most 
commonly used electroanalysis techniques, square wave anodic stripping 
voltammetry (SWASV) and amperometric i-t plots (i-t curves) were compared 
for As (III) analysis, indicating SWASV shows better sensitivity of 0.124 µA ppb-
1 and lower limit of detection (LoD) of 0.244 ppb. Cu (II) interference study 
reveals excellent anti-interference ability at lower concentrations of Cu (II) 
(below 50 ppb). Stability and producibility were tested and the results indicate 
AuNPs were highly stable in 0.5 M HNO3 with good storage ability, and 
reproducibility. The obtained AuNPs were also examined in a mining tail waste 
water, showing comparable result with ICP-MS, indicating the promising 
potential for real sample measurements. Moreover, there was no response 
towards As (V).   
On the other hand, it is well established that morphology and surface 
crystallographic orientation also has a significant effect on the electrochemical 
behaviour of gold electrodes, especially for applications in catalysis. For example, 
oxidation of methanol on gold electrodes has been studied on Au (111), Au (100) 
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and Au (110), concluding that the Au (110) orientation and Au (111) orientation 
favour electro-oxidation of methanol in alkaline media.[17] Another example is 
the numerous studies on the oxygen reduction reaction (ORR) on gold single 
crystals and gold modified electrodes, showing Au (100) is more active than 
Au (110), and Au (111) is the least active in alkaline electrolyte.[18] These are 
important electrocatalytic reactions that are intensely studied, but there has been 
less emphasis on the effect of morphology on stripping analysis, despite 
nanoparticles and nanostructures being commonly used to increase sensitivity. 
Systematic characterisation of the nanomaterials used, and the effects of 
morphological variations are quite rare for such electroanalytical studies. For 
stripping methods, such as adsorptive stripping voltammetry of As (III), where 
As (III) is adsorbed and then reduced to As (0) on the electrode surface before 
anodic stripping, one may expect that the electrochemical behaviour is intimately 
linked to the interaction of the As with the Au surface. This should vary for the 
different facets derived from crystal planes in the Au face centred cubic (fcc) 
crystal structure, or the morphology of the surface.  
Single crystal surfaces usually reveal fundamental aspects of facet-dependent 
behaviour but are not practical in real world sensors. Previously, it has been 
shown that an Au (111)-like electrode, fabricated from polycrystalline gold with 
a self-assembled monolayer (SAM) of n-butanethiol (n-BT) that selectively 
blocks the (110) and (100) Au facets, shows an improved selectivity for As (III) 
in the presence of Cu (II) compared to polycrystalline Au electrodes,[19] 
indicating that surface crystallography of low index facets affects sensitivity. 
Recent studies on Au nanoparticles in H2SO4 solution gave further evidence that 
the Au (111) facet displays enhanced sensitivity, with different facet sensitivity 
ascribed to the deposition process during pre-concentration and the binding 
energy of the As on the surface of Au.[20] We are thus interested in making 
physically and chemically stable electrochemical sensors with well-controlled 
surface morphology, and comparing the performance of such surfaces under the 
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same conditions to model nanoparticles. Gold spikes have been developed 
recently, and exhibit promising electrocatalytic and SERS properties.[21] The 
controlled growth of spike-like Au structures using Pb2+ as a shape directing agent 
allows preferential growth in the <111> direction due to the preference of Pb2+ 
for the (110) and (100) facets. Organic shape directing agents have also been used 
to electrodeposit dendritic structures, with hierarchal dendrites being formed as 
the electrodeposition progresses in time. [22] 
In the second part of the chapter, results on the preparation of Au spikes with 
three different morphologies were presented by undertaking electrodeposition for 
three different time periods. The electroanalytical performances of these three 
gold morphologies confirm that As (III) detection via ASV on Au is highly 
structure sensitive, and that conditions for electrodeposition need to be closely 
controlled when preparing surfaces for analysis. To confirm the relationship 
between Au surface structure and As (III) analysis, gold nanoparticles with 
controlled shapes, being octahedral (AuNPOCT), cubic (AuNPCUB), and rhombic 
dodecahedral (AuNPRD) bounded predominately by (111), (100) and (110) 
respectively, were synthesized and tested under the same conditions as the 
electrodeposited Au spikes. Finally, gold dendrites electrodeposited for three time 
periods in the presence of cysteine were tested in order to contrast the use of an 
inorganic or organic shape directing agent. In this way we have increased our 
practical understanding of the factors that need to be controlled when designing 
Au nanostructured electrodes to maximise the sensitivity, and improve the LOD 
of As (III) electroanalysis in aqueous solution.  
In addition, the influence of size of AuNPs towards As (III) detection is also 
investigated. Five kinds of spherical AuNPs with different sizes in the range of 
3-37 nm were prepared, and compared towards As (III) detection, to study the 
effect of size in arsenic sensing.  
3.1.2 Research aims 
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The key research aim of this chapter is to establish the relationship between 
various gold nanostructures with As (III) detection. The effect of 
electrodeposition parameters and morphology on the performance of several Au 
nanostructures for the detection of As (III) can be assessed via electrochemical 
analysis. Apart from the study of electrodeposited AuNPs for electrochemical As 
(III) detection, the main research aim is to investigate the effect of morphologies 
of gold, i.e. the effects of different gold facets, such as Au(111), Au(100) and 
Au(110) facets, on arsenic detection. Therefore, several Au nanostructures, such 
as AuNPs with different shapes, variable Au spikes and Au dendrites through the 
control of electrodeposition parameters and additives used, are prepared and 
compared. Moreover, the influence of size of AuNPs towards As (III) detection 
is also investigated. 
3.2 Experimental section 
3.2.1 Chemicals 
Pb(CH3COO)2·3H2O (99%), Gold (III) chloride trihydrate (HAuCl4·3H2O, 
99.9%), cetyltrimethylammonium bromide (CTAB, 99%), Trisodium citrate, L-
ascorbic acid (AA, 99%), sodium borohydride (NaBH4, 99%), 
cetyltrimethylammonium chloride (CTAC, 25 wt. % in H2O,), sodium bromide 
(NaBr, 99%), lead nitrate (99%), nafion perfluorinated resin solution (5 wt. %), 
L-Cysteine and As2O3 (99%) were all obtained from Sigma Aldrich and used as 
received. All the solutions were prepared with Milli-Q (18 MΩ cm-1) deionized 
water. As (III) stock solution was prepared by dissolving As2O3 in concentrated 
NaOH, and the pH was adjusted to 3.0 with concentrated HNO3 and then diluted 
with Milli-Q water. Solutions of other concentrations were prepared from this 
stock solution. Caution: Care should be taken when handling and disposing of 
As (III) solutions due to their toxicity. 
3.2.2 Preparation of electrodeposited AuNPs, Au spikes, shaped 
AuNPs, Au dendrites and spherical AuNPs. 
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Electrodeposited AuNPs were prepared on a gold substrate by 10 CV cycles 
recorded in a 10 mM HAuCl4 solution from 0.8 to 0 V at a scan rate of 100 mV 
s-1.[23] Gold substrates were prepared by e-beam evaporation of a 150 nm Au 
layer onto a Si base with a 10 nm Ti intermediate layer. The e-beam evaporated 
Au film was rinsed in acetone, ethanol and Milli-Q deionized water three times 
to remove possible contaminants, followed by drying in a stream of nitrogen gas 
prior to use. The gold substrate was then covered by Kapton tape with an exposure 
geometric surface area of ~0.07 cm2 (d=0.3 cm). All potentials in this chapter are 
referred directly to a Ag/AgCl (3 M NaCl, 0.210 V vs SHE) reference electrode. 
Gold spikes were electrodeposited on a gold substrate from a solution containing 
20.7 mM HAuCl4 and 1 mM Pb(CH3COO)2.[24] An inert graphite rod (6 mm 
diameter, Johnson Matthey Ultra “F” purity grade) was used as the counter 
electrode with a Ag/AgCl (3 M NaCl) reference electrode. Electrodeposition was 
undertaken at a constant potential of 0.05 V for 720s, 1200s and 1800s, to 
generate the three Au spike morphologies. All solutions were degassed with a N2 
stream for 10 min prior to each deposition, and a continuous N2 flow was 
maintained over the solution headspace during the electrodeposition process. 
Au octahedral nanoparticles (AuNPOCT) were prepared via a published 
method.[25] In summary, a 20 mL solution of 0.125 mM HAuCl4 in 0.01 M 
cetyltrimethylammonium bromide (CTAB) was prepared first. Thereafter a 100 
µL solution of 0.1 M L-ascorbic acid was added to the 20 mL solution. Finally, 
100 µL solution of 0.1 M NaOH was quickly added. The colour of the solution 
changed to purple-red within 20 minutes, indicating the formation of Au 
octahedral nanoparticles. The mixture was centrifuged at 7000 rpm for 20 min 
and the solid was rinsed with Milli-Q water 3 times to remove the excess 
reactants. 
Au cubic nanoparticles (AuNPCUB) were prepared by a seed-mediated 
approach.[26] A 10 mL aqueous seed solution was prepared by the reduction of 
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0.25 mM HAuCl4 by ice-cold NaBH4 (0.6 mM) in the presence of 0.075 M 
cetyltrimethylammonium bromide (CTAB). The seed solution was used 2 h after 
its preparation. In the growth solution, 0.2 mM HAuCl4 was reduced by 0.009 M 
L-ascorbic acid in the presence of 0.016 M CTAB, followed by the addition of 
gold seed solution (1.25×10-8 M). The solution was gently shaken after the 
addition of every component and was left to sit for 8 hours. Thereafter the solution 
containing cubic Au nanoparticles was centrifuged at 5000 rpm for 10 min and 
rinsed with Milli-Q water 3 times.   
Rhombic dodecahedra Au nanoparticles (AuNPRD) were prepared following a 
two-step procedure.[27] For gold seeds, a 10 mL solution of 0.25 mM HAuCl4 in 
0.1 M cetyltrimethylammonium chloride (CTAC) was prepared. To this solution, 
ice-cold NaBH4 solution (0.45 mL, 0.02 M) was added with stirring. The resulting 
brown solution was left for 2 h before use. Two vials labelled A and B were used 
for the growth solution. In each vial 250 μL of 0.01 M HAuCl4 solution, 0.3306 
mL of CTAC, 10 μL of 0.01 M NaBr and 9.2344 mL of Milli-Q water were mixed 
first. To both vials L-ascorbic acid (150 µL, 0.04 M) was added and the solution 
became colourless. Afterwards, 25 μL of the gold seeds was added to vial A with 
shaking. The mixture in vial A turned light pink in 5 seconds. Then 25 μL of the 
solution in vial A was then added to vial B. The solution in vial B was left to sit 
for 20 min for the completion of the particle growth, and subsequently centrifuged 
at 4000 rpm for 10 min and rinsed twice with water before collection of the 
nanoparticles.     
Au dendrites were electrodeposited on glassy carbon (GC) electrode following a 
published procedure.[22] Briefly, a GC electrode was firstly polished on a 
polishing cloth with 0.05 µm alumina slurry, followed by ultrasonication in 
ethanol and water for 10 min in sequence. Au dendrites were electrodeposited at 
-0.8 V for 1000 s, 2000 s and 3000 s respectively in the presence of 1 mM 
HAuCl4 + 0.1 mM cysteine in 0.5 M H2SO4. The as-prepared Au dendrites were 
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pre-treated at -1.3 V for 120 s in 0.5 M HNO3 to remove cysteine adsorbed on 
all facets before being used for analysis of As (III).  
Five kinds of spherical AuNPs were prepared based on the literature.[28] Briefly, 
A 20 mL aqueous solution with 2.5×10-4 M HAuCl4 and 2.5×10-4 M trisodium 
citrate was prepared, then 0.6 mL of freshly prepared NaBH4 (0.1 M) was added 
to the solution, and the formation of nanoparticles was indicated by the immediate 
pink color, which was denoted as the gold seed solution. The growth solution was 
prepared by adding 6 g of CTAB to 200 mL aqueous solution of 2.5×10-4 M 
HAuCl4 and the mixture was heated to obtain a clear solution. Four sets of 50 mL 
conical flasks were labelled as A, B, C, and D. In set A, 7.5 mL of growth solution 
was added with 0.05 mL of freshly prepared AA (0.1 M), followed by 2.5 mL of 
seed solution to form particles with a size of 5.21 nm. In set B, 9 mL of growth 
solution was added with 0.05 mL of freshly prepared AA (0.1 M), followed by 
addition of 1 mL of seed solution to form particles with size of 8.66 nm. The 
particles here were further used as seeds in set C 30 min after preparation. In set 
C, 9 mL of growth solution was added with 0.05 mL of freshly prepared AA (0.1 
M), and 1 mL of B solution was added to form particles with a size of 19.48 nm. 
The particles here were further used as seeds in set D 30 min after preparation. In 
set D, 9 mL of growth solution was added to 0.05 mL of freshly prepared AA (0.1 
M), then 1 mL of C solution was added to form particles with size of 37.02 nm. 
A, B, C, and D were then centrifuged at 12000 rpm for 30 min and redispersed in 
Milli-Q water 3 times to remove excessive surfactants.   
3.2.3 Electrochemical characterization 
Au nanoparticles were studied on modified glassy carbon (GC) electrodes, with 
a GC geometric area of 0.2376 cm2, which was polished with 0.05 µm alumina 
slurry followed by sonication in ethanol and Milli-Q water for 10 min, 
respectively. The GC electrodes were then treated with a 10 µl aliquot of the Au 
nanoparticle solution that was directly dropped onto the surface.  Au nanoparticle 
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/ GC electrodes were left to dry naturally and then covered by 10 µl of 0.5 wt% 
nafion solution to increase the stability of Au nanoparticles on the surface. 
Electrochemical analysis was undertaken using a CH Instruments (CHI 760C) 
electrochemical analyser with a standard three-electrode system. Working 
electrodes were either the electrodeposited Au electrodes (used directly) or Au 
nanoparticles (AuNPs) modified GC electrodes. A platinum wire and an Ag/AgCl 
(3 M NaCl) electrode were used as the auxiliary electrode and reference electrode, 
respectively.  
Cyclic voltammetry (CV) was conducted for lead underpotential deposition (UPD) 
to probe the exposed low index surface facets and surface morphology of the Au 
working electrodes from -0.2 V to -0.7 V in 1 mM Pb(NO)3+0.1 M NaOH at 50 
mV s-1. Prior to lead UPD characterization, cyclic voltammetry was conducted 
from -0.75 V to 0.9 V at 50 mV s-1 to clean the electrode by PbO2 deposition and 
stripping.[29]  
Square Wave Adsorptive Stripping Voltammetry (SWASV) was utilized for As 
(III) detection. For Au spike or dendrite electrodes, As (0) was pre-deposited at a 
potential of -0.35 V for 300 s or 100 s, followed by As stripping between -0.35 
V and 0.7 V, with the following parameters: frequency, 50 or 15 Hz; amplitude, 
0.025 V; potential increment, 0.004 V. For AuNP/GC electrodes, the 
measurement involved: (i) Pre-deposition of arsenic at a potential of -0.35 V for 
either 60 s, 100 s, or 150 s. (ii) A SWASV scan (anodic stripping) from -0.35 V 
to 0.7 V with an increment of 0.004 V, an amplitude of 0.025 V and a frequency 
of 40 Hz. The sensitivity (uA cm-2 ppb-1) was determined by the slope of the 
calibration curve for As stripping, corrected for the electrochemical surface area 
(ECSA) of the Au surface, which was determined by voltammetric analysis in 
acid, assuming a charge density of 400 µC cm-2.[30] The limit of detection (LoD) 
was estimated by standard deviation (s) multiplied by 3, then divided by the 
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sensitivity (𝑠), i.e. 𝐿𝑜𝐷 = <sU , utilising the standard deviation (s) of the blank 
solution under identical conditions for analysis.[31] 
3.2.4 Instrumentation 
Scanning electron microscopy (SEM) was performed on a FEI Verios 460L SEM 
with a working distance of 4 mm and a voltage of 1 kV. Electron backscattered 
diffraction (EBSD) patterns were recorded under an accelerating voltage of 15 
KV on an FEI Nova SEM instrument using an Oxford NordlysMax2 EBSD 
Detector with Oxford Instruments Aztec software. The orientation of each 
individual grain and the overall inverse pole figures were obtained using an HKL 
Channel 5 EBSD system. Prior to SEM imaging and EBSD analysis, samples 
were thoroughly rinsed with Milli-Q water and dried under a flow of nitrogen. 
Transmission electron microscopy (TEM) and selected-area electron diffraction 
(SAED) measurements were performed on a JEOL 1010 TEM at 100 kV 
accelerating voltage. Grazing incidence small angle X-ray diffraction (GID) 
patterns were obtained with a Bruker AXS D8 Discover with General Area 
Detector Diffraction System (GADDS) using Cu Kα radiation (l = 1.5406 Å) and 
a ω of 1 degree. 
3.3 Results and discussion 
3.3.1 Electrodeposited AuNPs 
 
61 
 
 
Figure 3.1. Cyclic voltammograms (CV) recorded in a 10 mM AuCl4- solution from 0.8 to 
0 V for 10 cycles at a scan rate of 100 mV s-1.   
AuNPs can be in situ generated on a gold substrate by cyclic voltammetry in Au 
(III) solution. Figure 3.1 shows a typical CV curve for the preparation of AuNPs 
on gold substrate. The reduction of Au (III) to Au (0) occurs during the cathodic 
peak when the potential is scanned in a negative direction. The potential range 
was chosen to avoid the production and adsorption of hydrogen at more negative 
potentials. The electrodeposited AuNPs were then used to detect As (III) by 
SWASV (see Experimental section 3.2.3 for the precise parameters used). The 
analytical procedure used  was: 1) A pre-deposition potential was first applied so 
that As (III) in solution was cathodically pre-deposited onto the gold surface as 
As (0); 2) Then As (0) was re-oxidized to As (III) by sweeping in the anodic 
(positive) direction, leading to the appearance of an arsenic stripping peak.  As 
shown in Figure 3.2, the arsenic oxidation peak occurs at ~0.1 V on 
electrodeposited AuNPs. To find the optimized gold electrode materials, 
preparation conditions of AuNPs, including the number of cycles and HAuCl4 
concentrations were optimized based on the stripping current of 100 ppb As (III). 
Figure 3.2 indicates optimized experimental condition of preparing AuNPs was 
10 CV cycles in 10 mM HAuCl4 solution. Therefore, electrodeposited AuNPs 
under these optimized conditions were used further.   
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Figure 3.2. a) SWASVs of AuNPs resulting from different CV scan cycles in a 10 mM 
AuCl4- solution from 0.8 to 0 V at a scan rate of 100 mV s-1 under 100 ppb As (III) in 1 M 
HCl. b) SWASVs of AuNPs resulting from different concentrations of AuCl4- solution 
from 0.8 to 0 V for 10 cylces at a scan rate of 100 mV s-1. SWASVs conditions: Deposition 
potential, -0.3 V; deposition time, 90 s; initial potential, -0.3 V; final potential, 0.7 V; 
amplitude, 25 mV; increment potential, 4 mV; frequency, 15 Hz. 
The stripping current is affected by the analytical conditions, and should be 
maximised to increase the sensitivity. Therefore, the electrochemical analysis 
conditions were optimized. First, different electrolytes were compared in Figure 
3.3, showing that 0.5 M HNO3 obtained the highest stripping current. Arsenic 
pre-deposition time and pre-deposition potential were also investigated and are 
shown in Figure 3.4. The stripping current increases with the increase of pre-
deposition time (Figure 3.4a, b) as more arsenic has been reduced during pre-
deposition and re-oxidized on the anodic stripping. Thus 180 s was considered as 
the best pre-deposition time. The potential of pre-deposition is also important, 
and the stripping current first increases with the more negative pre-deposition 
potential from -0.15 V to -0.3 V, but a decrease of the current occurs at more 
negative potentials. This is due to the evolution of hydrogen bubbles at potentials 
more negative than -0.3 V, which in turn blocks the electrode surface meaning 
that less arsenic can be deposited. Therefore, -0.3 V was regarded as the best pre-
deposition potential.       
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Figure 3.3. Effect of different electrolyte on the stripping anodic current obtained for 100 
ppb As (III) by SWASV. SWASVs conditions were as Figure 3.2. 
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Figure 3.4. Optimization experimental conditions; influence of a,b) deposition time and 
c,d) deposition potential on the SWASV responses of AuNPs at 100 ppb As (III) in 0.5 M 
HNO3.  
Under the optimised conditions, the two most commonly used electroanalysis 
techniques, square wave anodic stripping voltammetry (SWASV) and 
amperometric i-t plots (i-t curves) were utilized for As (III) analysis. Figure 3.5a 
shows SWASV responses for different concentrations of As (III), where the 
typical As (III) oxidation peak occurs at ~0.15 V and the current increases with 
an increase in the As (III) concentration. The corresponding calibration curve in 
Figure 3.5b shows good linearity in the As (III) concentration range of 2-100 ppb. 
The sensitivity and limit of detection (LoD, S/N=3) were thus estimated to be 
0.124 µA/ppb and 0.244 ppb, respectively.  Amperometry was also utilized to 
detect As (III). I-t curves collected at 0.15 V at different concentrations of As (III) 
are shown in Figure 3.5c. The currents at 30 s were used, and an increase of 
current was also obtained with the increase in As (III) concentration (Figure 
3.5d). Similarly, a sensitivity of 0.003 µA/ppb and LoD of 1.58 ppb were 
caculated based on the i-t curves. These results confirm that SWASV shows better 
electrochemical performance than amperometry, is predominately used in the rest 
of this thesis.      
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Figure 3.5. a, c) SWASV and amperometric i-t responses of AuNPs for analysis of As (III) 
in 0.5 M HNO3 respectively. b, d) The corresponding calibration plots. Deposition 
potential, -0.3 V; deposition time, 180 s. 
The selectivity of the electrodeposited AuNPs to As (III) was further investigated. 
Cu (II) is the most possible interfering ions, as it often is present in natural waters, 
and among all possible co-existing ions Cu (II) is also easily deposited onto the 
Au surface during pre-concentration. This causes interference, due to the close 
standard electrode potentials (E vs. SHE) (ECu(II)/Cu(0)=0.337 V; EAs(III)/As(0)=0.248 
V ).[32] Figure 3.6 shows an additional peak at ~0.3 V ascribed to the copper 
oxidation, which increases with the addition of Cu (II). It is found that Cu (II) has 
no interference to As (III) at concentrations lower than 50 ppb.  
Selectivity for As(III) over As(V) is important, and the effect of As (V) was 
investigated (shown in Figure 3.7), indicating there is no electrochemical activity 
towards As (V), as there is no significant stripping response for the solution where 
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pre-concentration was attempted with only As(V) in solution, since As (V) is 
stable enough and cannot be reduced on gold nanostructures under these 
electrochemical conditions.[33]    
The stability of the electrodeposited AuNPs was further investigated by 
undertaking a succession of analyses with the same surface. Figure 3.8a, b 
indicates there the nanoparticles are stable on successive scans and could thus be 
reused with different samples. A relative standard deviation (RSD) of 13% for 8 
successive SWASV scans was observed. The electrode also shows good storage 
stability with a RSD of 9.7% on analyses taken each day for 7 continuous days 
(Figure 3.8c, d). The batch-to-batch reproducibility was also tested on 5 
independent electrodes (Figure 3.8e, f), showing excellent reproducibility with a 
RSD of 11.3%.  
 
Figure 3.6. a) SWASV responses of AuNPs at different concentrations of Cu (II) in the 
presence of 100 ppb As (III) in 0.5 M HNO3. Black line refers to arsenic solution without 
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Cu (II). b) Effects of different concentrations of Cu (II) on the As (III) stripping peak. 
Experimental conditions are as Figure 3.5.  
 
Figure 3.7. a, b) CV responses of AuNPs in the absence (black) and presence (red) of 1 
ppm As (III) or As (V) in 0.5 M HNO3. c) SWASV responses of AuNPs with and without 
(black) 1 ppm As (III) or As (V) in 0.5 M. Experimental conditions are as Figure 3.5.  
The as-prepared electrode was then used to analyse a real arsenic sample, which 
was a sample waste water obtained from gold mining tailings. As shown in Figure 
3.9, and when compared with the standard As (III) solutions with different 
concentrations (black curves), there is a small peak at ~0.2 V in diluted real 
sample (red curve), which can be assigned to the As (III) stripping peak. 
Furthermore, the oxidation peak at ~0.3 V corresponds to Cu (II) in the real 
sample. Due to the interference of Cu (II) on As (III) signals, peak fitting was 
used to estimate the current value of As (III) peak. And the value was compared 
with the calibration plot of standard As (III) solutions, which was fitted from the 
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black curves in Figure 3.9. The concentration of As (III) in the real sample was 
thus calculated to be 35.9±1.09 ppb, which is smaller than the concentration of 
44.21±1.36 on the same sample detected using ICP-MS. This is probably due to 
some As (V) existing in the real sample which cannot be detected in this 
electrochemical system, and which we already confirmed does not interfere with 
As (III) analysis, and/or the interference of Cu (II) to As (III) in the real sample. 
Although we have studied the basic analysis of As (III) detection on 
electrodeposited AuNPs, but that more concise growth of structures is required 
to understand the effect or morphology of Au nanostructures on As (III) 
determination, and subsequent sections will deal with that. 
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Figure 3.8. a) 8 consecutive SWASV scans of AuNPs at 100 ppb As (III) in 0.5 M HNO3. 
c) SWASV responses of AuNPs each day for 7 continuous  days at 100 ppb As (III) in 0.5 
M HNO3. d) SWASV responses of 5 AuNPs electrodes at 100 ppb As (III) in 0.5 M HNO3. 
b, d, f) Corresponding calibration plots. SWASV conditions are identical to Figure 3.5. 
 
Figure 3.9. SWASV responses of a real water sample (red) in 0.5 M HNO3 (5-fold dilution) 
and the standard As (III) solutions with different concentrations (black): 0, 10, 20, 30, 
and 50 ppb. SWASV conditions are identical to Figure 3.5.  
3.3.2 Au spikes, shaped AuNPs and Au dendrites 
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Figure 3.10. SEM images of gold spikes electrodeposited on gold substrates at 0.05 V for 
various time: 720 s (a, b), 1200 s (c, d), 1800 s (e, f).  
Growth directing agents such as Pb2+ tend to lead to a predominate 
crystallographic growth direction during electrodeposition.[21a] In this study we 
varied deposition time to create a series of structures for As (III) sensing. Typical 
SEM images of the Au spikes electrodeposited for three different times are shown 
in Figure 3.10a-f, where visual variations in morphology are observed for these 
three deposition times. The three Au spike morphologies all have an extremely 
uniform coverage, with outward growth of spike-shaped gold from the substrate. 
The spikes deposited for 720 s (Figure 3.10a, b) are up to 500 nm long with 50 nm 
diameter bases and well-defined tips that taper to approximately 10 nm diameter. 
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When the deposition time increased to 1200 s, the lengths of spikes are increased 
to ~1 µm, with a thicker core structure and some “barbed” morphology, as shown 
in Figures 3.10c and 3.10d. Figures 3.10e and 3.10f show thicker gold spikes with 
longer tips of 2-3 µm, as well as the appearance of more barbs along the backbone 
of gold spikes when the deposition time is increased to 1800 s. We do not see 
hierarchical dendritic branching as observed in growth directed by organic agents 
for Au dendrites under similar conditions[22], but rather a thicker spike with a 
barbed structure as more Au is deposited on the surface. Cyclic voltammetric 
curves were first recorded in 0.5 M H2SO4 to probe the surface of the 
electrodeposited Au spikes. The corresponding profiles are shown in Figure 3.11. 
Voltammograms for all gold spike electrodes show features typical of Au, with 
oxidation features at 1-1.5 V and corresponding reduction peaks at ~0.9 V.[9d, 
34] Electrochemical Surface Area (ECSA) based on the reduction peaks were 
calculated to be 0.136, 0.648, 0.922 and 1.63 cm2 for Au substrate, 720 s, 1200 s 
and 1800 s Au spikes respectively, confirming an increase of ECSA in the gold 
spikes with the increase of deposition time as expected.  
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Figure 3.11. CV curves in N2-saturated 0.5 M H2SO4 for gold substrates (black line) and 
gold spikes electrodes: 720 s (red line); 1200 s (green line); 1800 s (blue line). Scan rate: 
100 mV / s. 
Analysis of As (III) on the Au spikes was carried out via Square Wave Anodic 
Stripping Voltammetry (SWASV) in 0.5 M HNO3. SWASV responses of the 
three gold spike electrodes with different concentrations of As (III) are shown in 
Figure 3.12a-c. The corresponding calibration plots from 7-40 ppb for As (III) 
are plotted in Figure 3.12d, indicating good linearity for all three gold spikes in 
this concentration range. The calibration plots clearly show, when corrected for 
surface area, that gold spikes with a deposition time of 720 s display the best 
sensitivity, with the highest slope, while the 1800 s gold spikes obtained the 
lowest sensitivity of the three gold spike morphologies. A further increase of As 
(III) concentration leads to an increase in peak currents for all three gold spikes. 
It is observed that all gold spikes eventually show a levelled-off calibration curve 
with the increase of As (III) concentrations, due to the saturation of the gold 
surface. The linearity range increases from 720 s gold spikes to 1800 s gold spikes, 
due to the increase of surface area, however this could be circumvented by using 
a shorter pre-concentration time for the 720s spikes, as the sensitivity is clearly 
superior. The LoD of the three gold spikes were 0.42, 2.64, and 5.64 ppb for 720s, 
1200s and 1800s gold spikes, respectively. The sensitivity and limit of detection 
(LoD) of the gold spike electrodes for As (III) determination are stated in Table 
3.1. It indicates that the Au spikes deposited for 720 s have the highest sensitivity 
of 0.15 µA cm-2 ppb-1 and the lowest Limit of detection (LoD) of 0.42 ppb under 
these conditions. 
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Figure 3.12. SWASV responses of the gold spikes electrodes deposited for: a) 720 s, b) 
1200 s, c) 1800 s for As (III) analysis in 0.5 M HNO3. The dash line refers to the baseline. 
d) Calibration curves of current density vs. concentrations of As (III) for the three Au 
spike electrodes. Deposition potential, -0.35 V; deposition time, 300 s; initial potential, 
-0.35 V; final potential, 0.7 V; frequency, 50 Hz; amplitude, 0.025 V; potential increment, 
0.004 V. 
 
Table 3.1. Electrochemical sensitivity and Limit of detection for As (III) 
detection by SWASV. 
 Surface Au domains Sensitivity  
µA cm-2 ppb-1 
LOD  
ppb 
AuNP OCT  (111)>(110) 0.53 0.28 
AuNP RD (110)>>(111) 0.25 1.33 
AuNP CUB (100)>(110),(111) 0.09 4.14 
Au Spikes 720 s Polycrystalline 0.15 0.42 
Au Spikes 1200 s Polycrystalline 0.07 2.64 
Au Spikes 1800 s Polycrystalline 0.04 5.64 
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Au dendrites 1000 s Polycrystalline 0.10 5.87 
Au dendrites 2000 s Polycrystalline 0.10 5.38 
Au dendrites 3000 s Polycrystalline 0.10 5.54 
 
Detailed characterization of the gold spikes was performed to understand the 
differences in their structures and surface crystallography. Due to the presence of 
a gold film beneath the gold spikes, conventional X-Ray diffraction (XRD) 
showed interference from the substrate. Grazing incidence small angle X-ray 
diffraction (GID) is much more surface sensitive and was thus utilized in this case. 
Unsurprisingly, five XRD diffraction peaks, indexed to the (111), (200), (220), 
(311), and (222) reflections of face-centered cubic (fcc) gold were observed for 
each of the gold spike morphologies, confirming a high-quality Au crystalline 
structure. The GID patterns recorded in Figure 3.13a confirm that the interference 
of gold substrate can be ignored due to the low intensities of Au (111) and Au 
(200) in the blank. The ratio of the intensities of the (111) reflections relative to 
(200) (I111/I200) was 1.30 for the 720 s spikes, indicating crystallites in this 
structure are significantly elongated in the <111> direction due to directed growth 
induced by the Pb2+ in solution, which is less strongly adsorbed on to the (111) 
facet. As the deposition time increases, the ratio (I(111))/(I(200)) decreases to 1.22 
(1200 s) and 1.16 (1800 s). This result suggests that as the growth proceeds and 
barbed morphologies appear on the surface of the thickening spike, Pb2+ in 
solution loses its effectiveness as a growth directing agent, and the increase in 
thickness of the spikes is not a result of anisotropic growth. This allows us to 
generate stable structures that vary in their proportion of bulk (111) in the spikes. 
This decrease of (111) intensity in diffraction patterns from 720s to the longer 
deposition times leads to the 1800s spikes being quite similar to electrodeposition 
of a polycrystalline material without a growth directing agent. 
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Figure 3.13. a) Grazing incidence small angle X-ray diffraction (GID) patterns of gold 
spikes and polycrystalline gold substrate; b-d) Inverse pole figures of the sample surface 
normal obtained from three gold spikes. 
To further understand the crystalline structures of the gold spikes, EBSD was 
undertaken on a polished cross section of Au spikes. Inverse pole diagrams in 
Figure 3.13b show that orientations in 720 s gold spikes mostly concentrate on 
the (111) corner while increasing deposition time to 1200 s and 1800 s 
(Figure 3.13c, d) leads to dispersions to all facets. It further confirms that gold 
spikes progress from a predominately (111) orientation at 720 s to a mixed 
orientation at 1200 and 1800 s. Similar results have been seen for 
electrodeposition of nanoparticles, with shorter electrodeposition times leading 
to materials rich in Au (111) domains, while longer electrodeposition times result 
in polycrystalline orientations.[35] In this case as growth proceeds and surface 
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area increases, the shape directing effect of the Pb2+ is less effective, and 
polycrystalline growth is responsible for the thickening of the spikes.  
 
Figure 3.14. CVs of gold spikes electrodes immersed in 0.1 M NaOH + 10-3 M Pb(NO3)2 
showing the deposition/dissolution of the PbO2 film. Scan rate: 50 mV s-1. 
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Figure 3.15. Voltammetric profiles of the gold spikes in 0.1 M NaOH + 10-3 M Pb(NO3)2 
in the UPD stripping region. Scan rate: 50 mV s-1. 
As the stripping behaviour of As (III) on gold is a surface based phenomenon, it 
is necessary to directly confirm which surface facets are exposed to solution, or 
how the surface morphology is affected. Pb UPD is an effective technique to 
probe the surface crystallographic structures of gold materials and has been 
extensively studied on polycrystalline and single crystalline gold materials.[36] 
Since the lead UPD process is stucture sensitive, the potentials of the lead 
deposition and stripping peaks are used to assist with identification of the relative 
energy of facets on the surface of the gold spikes in contact with solution.[29b, 
37] Figure 3.14 depicts the cyclic voltammograms of the gold spikes in an 
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alkaline solution of lead (II) nitrate with a broad potential window. A broad 
anodic peak from 0.1 V due to the deposition of a monolayer of PbO2 was 
observed, followed by another anodic feature between 0.6 V and 0.9 V, which 
arises from the formation of a multilayer of PbO2.[29a, 38] The PbO2 film is 
stripped away on the reverse scan, showing a cathodic peak at 0.1 V. The anodic 
and cathodic features in the range of -0.2 V to -0.7 V correspond to the lead UPD 
region. Figure 3.15 reveals the anodic stripping curves of the lead UPD region 
for the three gold spike morphologies. The gold spikes in this paper contain not 
only lower index facets but higher index facets along with terraces, steps and 
kinks, and are far more complicated than ideal single crystalline gold structures. 
Simply ascribing the three main anodic features at about -0.523 V, -0.476 V and 
-0.378 V to Au (111), Au (100) and Au (110) crystal surfaces, respectively,[29a] 
is thus not possible. The Pb stripping does confirm that the surface is 
polycrystalline, as exposure of one facet would only be possible with a single 
crystal or high quality nanoparticle. In fact, all anodic peaks can be deconvoluted 
into smaller peaks. For example, the anodic stripping feature at about -0.523 V 
for the 720 s spikes shows similar splitting peaks to literature reports in the (111) 
region.[39] It is assumed that these peaks are the combinations of several smaller 
peaks resulting from some other higher index facets on the polycrystalline 
surface,[40] though the peak height at -0.523 V can considered as a resonable 
estimation for Au (111) and the highest current density value at -0.523 V 
ascertains the highest ratio of Au (111) facets in 720 s spikes. Furthermore, the 
most positive anodic peaks at about -0.378 is due to the overlapping of several 
peaks, which result from the large variety both/either the monoatomic steps of 
(111) faces and/or  terraces, steps and kinks of other faces.[40] An interesting 
feature is the anodic shift in the peak at approximately -0.52 V at higher 
deposition time. The positive shift of this anodic feature for 1200 s and 1800 s 
spikes is marked as a vertical line in Figure 3.14. This may be interpreted as the 
generation of smaller Au (111) terraces as the spikes are deposited at longer times 
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and the growth directing ability of the Pb2+ is lost. The superior sensitivity, as 
observed visually on the calibration curve for the 720 s spikes with a higher slope, 
and lower LoD than the spikes electrodeposited for longer times, are thus possibly 
due the 720s surface having larger Au (111) terraces. This is revealed by the lower 
energy stripping of Pb2+ in the UPD region, with fewer kinks and steps generated 
on the surface at the shorter deposition time. 
To further investigate the relationship between Au facets and As (III) sensing 
under the same conditions as the Au spikes, three different shapes of 
nanoparticles were synthesised: octahedral (AuNPOCT), cubic (AuNPCUB) and 
rhombic dodecahedral (AuNPRD) nanoparticles bounded predominately by Au 
(111), Au (100) and Au (110) facets respectively, which allow a relatively precise 
surface facet control during SWASV analysis of As (III). Figures 3.16a and 3.16b 
show SEM and TEM images of orderly distributed AuNPOCT, with an edge length 
of ~27 nm. Larger scale SEM images in Figure 3.17a indicates these gold 
nanoparticles are quite well monodispersed. The SAED pattern in Figure 3.17b 
shows the AuNPOCT are single crystals bounded by (111) facets. SEM and TEM 
images of cubic gold nanoparticles are shown in Figure 3.16d, e, which indicate 
a high-yield synthesis of monodispersed cubic gold nanoparticles of an edge 
length of ~77 nm, with some truncation on the edges and sides. The 
corresponding SAED pattern of a single cubic gold nanoparticle is shown in 
Figure 3.17d, suggesting the AuNPCUB is a single crystal bounded by (100) facets. 
Figure 3.16g, h show the SEM and TEM images of randomly distributed RD 
nanoparticles with an edge length of ~75 nm. Corresponding SAED pattern 
(Figure 3.17f) further confirms the RD shapes bounded by 12 equivalent rhombic 
faces.  
80 
 
 
Figure 3.16. (a, d, g) SEM, (b, e, h) TEM images and (c, f, i) geometrical models of (a-c) 
octahedral, (d-f) cubic and (g-i) RD AuNPs at different magnifications.  
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Figure 3.17. SEM images of octahedral (a), cubic (c) and RD (e) gold nanoparticles. 
Corresponding SAED pattern of a single flat-lying octahedral (b) gold nanoparticle 
recorded along the [-111] zone axis. SAED pattern of a single flat-lying cubic (d) gold 
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nanoparticle recorded along the [001] zone axis. SAED pattern of a single flat-lying RD 
(f) gold nanoparticle recorded along the [-110] zone axis.   
The cyclic voltammograms of modified GC electrodes of the gold nanoparticles 
are shown in Figure 3.19 in 0.5 M H2SO4, and were used to determine the 
electrochemically active surface area (ECSA) for the modified electrodes. To 
estimate the effect of structure of the gold nanoparticles on the sensitivity for 
As (III) detection, calibration curves at a range of As (III) concentrations were 
taken. Figures 3.18a-c show the SWASV curves for AuNPOCT, AuNPRD and 
AuNPCUB modified GC electrodes after pre-concentration of As (0) for 100 s at 
-0.35 V. On the anodic scans, intense peaks (stripping currents) corresponding to 
the reoxidation of As (0) to the parent As (III) were observed for all nanoparticle 
shapes. Figure 3.18d shows the corresponding calibration plots for the AuNP 
modified GC electrodes within the upper end of their linear range. All AuNPs 
indicate a levelled-off calibration curve under higher concentrations of As (III) 
due to the saturation effects, which is similar with Au spikes. It indicates that the 
AuNPOCT modified electrode obtains the highest sensitivity of 
0.53 µA cm-2 ppb-1, while AuNPCUB has the lowest sensitivity of 
0.09 µA cm-2 ppb-1 and AuNPRD show a sensitivity of 0.25 µA cm-2 ppb-1. The 
LoDs (S/N=3) for octahedral, RD and cubic gold nanoparticles are calculated to 
be 0.28 ppb, 1.33 ppb and 4.14 ppb, respectively. In this case, the AuNPOCT 
modified electrode, when treated to the same deposition and stripping procedure 
at zero or very low As (III) concentration, has a cleaner background, with better 
discrimination of the stripping current, and responds with a higher slope to 
additions of As (III) on the calibration curve for the stripping current. We can 
conclude the performance for As (III) by SWASV in HNO3 of nanogold materials 
in this order: AuNPOCT > AuNPRD > AuNPCUB, confirming Au (111) facet is more 
favourable than Au (110) and Au (100) for As (III) detection.  Table 3.1 indicates 
the predominate surface facets, but also the secondary facets expected due to the 
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truncated edges of the nanoparticles that were synthesised in practice, conceding 
that the nanoparticle shapes are not perfect. 
 
Figure 3.18. a-c) SWASV responses of the AuNPOCT, AuNPRD, and AuNPCUB modified 
GC electrode toward As (III) at different concentrations in 0.5 M HNO3. d) Calibration 
curves of current density vs. concentration of As (III) for octahedral (dark), RD (blue) 
and cubic (red) gold nanoparticles modified GC electrodes. Deposition potential, -0.35 
V; deposition time, 100 s; initial potential, -0.35 V; final potential, 0.7 V; frequency, 40 
Hz; amplitude, 0.025 V; potential increment, 0.004 V.  
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Figure 3.19. Cyclic voltammograms of octahedral (black line), cubic (red line), RD (blue 
line) gold nanoparticles modified GC electrodes in 0.5 M H2SO4. Scan rate: 0.1 V/s. 
Additional preconditioning times for As (III) reduction at -0.35 V were also 
undertaken. For example, As (III) was deposited at -0.35 V for 60 s (shorter than 
the 100 s) and also 150 s (longer time). The calibration plots for the shorter 
preconditioning time clearly indicates the AuNPOCT modified GC electrode still 
has the highest sensitivity toward arsenic detection while AuNPCUB has the lowest 
sensitivity. For a higher As pre-concentration time of 150 s there is an 
enhancement in current density of the stripping peak at the same concentration of 
As (III) compared with the shorter pre-deposition time, due to the higher amount 
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of As (0) deposited onto the gold surface. In addition, the same trend is observed 
for the relative sensitivity of the three AuNP modified electrodes.  
 
Figure 3.20. SEM images of gold dendrites electrodeposited on GC electrodes at -0.8 V 
for various time: 1000 s (a, b), 2000 s (c, d), 3000 s (e, f).  
For comparison with the Au spikes and nanoparticles, gold dendrites were 
prepared with the organic directing agent cysteine, since it has been reported that 
the presence of cysteine induces anisotropic growth during electrodeposition.[22] 
It is well-known that the SH group of cysteine can adsorb on Au surfaces through 
strong Au-S bonds, which forms an insulating layer inhibiting the deposition and 
growth of Au. Figure 3.21 shows the adsorbed thiols can be desorbed through 
electrochemical reactions at a potential which depends on the crystallographic 
domains of the Au surface. Thus, the applied potential at -0.8 V used for 
electrodeposition enables cysteine removed from Au (111) domains selectively 
over Au (100) and Au (110) domains. In this way, <111> is the predominant 
growth direction during electrodeposition at all time periods. 
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Figure 3.21. CV scan of cysteine adsorbed on a gold substrate electrode in 0.1 M KOH. 
Scan rate: 0.1 V/s. The gold substrate electrode was soaked in 1 mM cysteine for 1 h. The 
cathodic peaks at -0.786 V, -1.05 V and -1.25 V, correspond to the reductive desorption 
of cysteine from the Au (111), Au (100) and Au (110) facets on gold substrate, respectively. 
Figure 3.20 displays SEM images of Au dendrites electrodeposited for 3 different 
times. On each surface, very similar hierarchical dendritic branching structures 
were observed. Figure 3.22a-c shows the electroanalytical activity of the three 
gold dendrite surfaces for As (III) analysis. In contrast to the gold spikes 
electrodes, all three gold dendrites electrodes show comparable sensitivity after 
normalisation to the ECSA, as shown in Figure 3.22d, indicating that the longer 
deposition time does not affect As (III) analysis. Lead UPD curves confirm the 
polycrystalline feature of all gold dendrites, and give intensities and stripping 
potentials without significant shifts in the general Au (111) region after 
normalizing to the ECSA, confirming a similar surface crystallography at the 
different deposition times. This explains the comparable sensitivity of the three 
gold dendrite surfaces, with hierarchical dendritic branching allowing the organic 
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additive to maintain its shape directing behaviour, and maintain sensitivity for 
Arsenic analysis. 
 
Figure 3.22. SWASV responses of the gold dendrites electrodes deposited for: a) 1000 s, 
b) 2000 s, c) 3000 s for As (III) analysis in 0.5 M HNO3. The dash line refers to the baseline. 
d) Calibration curves of current density vs. concentrations of As (III) for the three Au 
dendrites electrodes. Deposition potential, -0.35 V; deposition time, 100 s; initial 
potential, -0.35 V; final potential, 0.7 V; frequency, 15 Hz; amplitude, 0.025 V; potential 
increment, 0.004 V. 
3.3.3 Spherical AuNPs with different sizes 
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Figure 3.23. TEM images of gold seed (a) and larger AuNPs prepared from seed: (b) 
5.21±1.28, (c) 8.66±1.13, (d) 19.48±3.34, and (e) 37.02±8.01 nm.   
 
Figure 3.24. Histograms of gold seed (a) and larger AuNPs prepared from seed: (b) 
5.21±1.28, (c) 8.66±1.13, (d) 19.48±3.34, and (e) 37.02±8.01 nm.   
For comparison with the nanoparticles of different shapes, and other 
electrodeposition morphologies, different sized nanoparticles were prepared. The 
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TEM images and histograms for AuNPs with different sizes are shown in Figure 
3.23 and Figure 3.24, respectively. The seeding growth methods used here 
involve the preparation of seeds first, and the growth of larger particles from these 
seeds. As show in Figure 3.23a, first gold seeds with the size of 3.46±1.25 nm are 
obtained. Afterwards, three sets of spherical AuNPs are prepared from the seeds, 
and are denoted as sets A, B, C, with diameters of 5.21±1.28, 8.66±1.13, and 
19.48±3.34 nm, respectively. Sets A and B were prepared by one-step seeding 
methods with different ratios of seeds and metal salts. Set C came from a step by 
step seeding method. When the 19.48 nm particles were used as seed for further 
size enlargement, a fraction of non-spherical nanoparticles, such as rods, oblate 
and plates were also obtained apart from the spherical particles, which was 
denoted as set D. The spherical AuNPs in set D had a size of 37.02±8.01 nm.    
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Figure 3.25. SWASV responses of AuNPs seed, A, C, D at 1 ppm As (III) in 0.5 M H
2
SO
4
. 
Deposition potential, -0.3 V; deposition time, 120 s; initial potential, -0.3 V; final potential, 
0.7 V; amplitude, 25 mV; increment potential, 4 mV; frequency, 15 Hz. 
SWASV responses of AuNPs seed, A, C, D at 1 ppm As (III) in 0.5 M H2SO4 are 
shown in Figure 3.25. All AuNPs reveal As (III) stripping peaks as expected, with 
the peak potentials at 0.156 V, 0.184 V, 0.172 V and 0.136 V, for gold seeds, set 
A, C, and D, respectively. The oxidation potential of As (III) on AuNPs with 
different sizes shows no obvious changing trends, indicating similar results are 
obtained regardless of different size particles. In other words, the size of AuNPs 
is not a large influencing factor towards arsenic (III) sensing amongst this size 
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range of particles, and morpholgy is more important, especially the surface 
morphology and surface exposed facets.    
3.4 Conclusions   
The chapter shows the relationship between various gold nanostructures for As 
(III) detection, via the control of morphology and surface chemistry of various 
Au nanostructures systematically. Specifically, different Au nanostructures with 
well characterized Au morphologies have been prepared by several methods, and 
then were applied to As (III) electroanalysis. It was shown directly how the 
morphologies and surface chemistry of Au nanostructures have an effect on the 
electrochemical performance of As (III) analysis.  
AuNPs were first electrodeposited on gold substrate via one-step continuous 
cyclic voltammetry in bare Au (III) solution. To obtain optimized electrochemical 
performance, several parameters during the preparation process were optimized. 
The optimized electrode and conditions were then used to detect As (III) in acidic 
solution. Two electrochemical methods (square wave anodic stripping 
voltammetry (SWASV) and amperometric i-t plots (i-t curves)) were compared, 
indicating SWASV is a better method for As (III) sensing with higher sensitivity 
and lower LoD under similar conditions. The electrodeposited AuNPs also show 
good selectivity, stability and reproducibility, and promising potential in real 
sample analysis, but did not reveal much about the effect of morphology on 
As(III) analysis, leading to further studies with a range of morphologies. 
Through a careful study of As (III) analysis on three Au spike morphologies with 
variable morphology, Au dendrites, and three AuNP shapes that represent the 3 
low index planes of Au, we have validated that the Au (111) facet, or bulk 
surfaces with effective growth directed deposition that leads to a larger size of 
(111) terrace with limited steps, gives the best sensitivity for analysis of As (III) 
by SWASV. The main factor is the superior slope of the calibration curve for the 
Au (111) facet, which displays a cleaner stripping peak for the multi-electron 
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oxidation of As (0) to As (III). The trend in sensitivity is clear, and Au (111)-rich 
surfaces also have a better limit of detection (LoD) based on the background 
current, which is another indication of better performance of the Au (111) facet 
in the potential range studied in acidic HNO3 solution. It should be noted that we 
were most interested in the relative performance of the surfaces under study, and 
constant conditions were more important than maximising the sensitivity, which 
could have been done with longer deposition times at low As (III) concentrations 
to more accurately determine the practical LoD. The precise reason for the 
improved sensitivity is difficult to determine, and may require further mechanistic 
studies, however there are some clues from previous studies. The behaviour of 
the (111) facet has been considered theoretically for catalytic processes, and 
observed in some previous studies on bare nanoparticles. Among the low index 
planes, the relative surface energies for a face-centered cubic lattice increase in 
the order g111 < g100 < g110 due to variations in coordination and the density of 
surface atoms.[41] Studies on the catalytic activity of Au nanomaterials with 
controlled morphology are a useful comparison, and catalytic studies of 4-
nitroaniline reduction on the same suite of nanoparticles we have used here 
showed that the catalytic activity for the reduction follows the order (110)> (100)> 
(111),[42] which has been compared to As (III) analysis on AuNPs.[20] 
What we have confirmed is that Au (111) rich surfaces, either with Nafion 
stabilised coated nanoparticles, or controlled spike or dendritic morphologies 
with larger (111) terraces, give the best sensitivity for electrochemical As (III) 
detection. The nanoparticle modified electrodes gave the best sensitivity overall, 
but may not be as practical as the directly electrodeposited surfaces. Further 
development of sensors for As (III) that are based upon Au should thus be 
fabricated in a way that maximises the proportion of (111) facets on the surface, 
and when deposition of Au structures is used to prepare an electrode, the 
important parameter of deposition time must be controlled and adjusted, taking 
into account the additive used. Analysis at relatively low As (III) concentrations, 
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taking into account that the World Health Organisation (WHO) specifies 10 ppb 
as the maximum amount of As (III) in drinking water, will be more stable and 
precise on Au (111) surfaces, or surfaces deposited with effective growth 
directing agents, which will perform better than general polycrystalline Au 
materials. Finally, there is no obvious trend for AuNPs with different sizes on As 
(III) detection. The phenomenon leads to the conclusion that the morphology and 
surface exposed facets are more important features than the size of AuNPs, taking 
into account As (III) sensing. 
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Chapter 4 
 
 
 
 
 
 
 
 
 
 
Electrochemical Detection of As (III) on 
Modified Au Electrodes: the Effect of Metal 
Oxides and Graphene Oxide Framework. 
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4.1 Introduction 
4.1.1 As (III) detection with nanomaterials of good adsorption 
ability 
Since adsorption ability plays a key role in sensitive electrochemical detection 
via stripping methods,[1] the development of materials with promising adsorption 
ability using accessible materials is an important research goal, as the new 
material may show improved sensitivity, limit of detection, or selectivity. The 
modification of the Au electrode, which has traditionally been used by itself for 
As analysis, may be undertaken with these materials, with possible materials 
being noble metal and bimetallic nanoparticles, metal oxide nanostructures, 
graphene oxide/graphene and carbon nanotubes, and functionalized organic 
molecules materials, with the aim of improving the performance of the electrode 
relative to a flat polycrystalline gold substrate.[2]  
Metal oxides, such as ceria, manganese oxides, zirconia and iron oxides, represent 
a class of materials with excellent adsorption characteristics, and have been the 
subject of interest for arsenic adsorption in previous solution based studies.[3] 
Moreover, some metal oxide modified gold electrodes have been successfully 
used for electrochemical arsenic sensing, with promising performance. For 
example, titanium dioxide nanoparticles have been used to modify gold strip, 
which showed a sensitive electrochemical response for As (III) detection in 3 M 
hydrochloric acid.[4] Zirconia nanocubes were used to modify a gold electrode, 
demonstrating a detection limit of 5 ppb in neutral pH.[5] A favourable sensitivity 
of 0.295 µA/ppb and limit of detection of 1.95 ppb was achieved on a MnFe2O4 
nanoclusters modified gold electrode.[6] Cerium is a non-toxic rare earth 
element, which is cost effective due to its relative abundance.[7] Cerium dioxide 
(CeO2, Ceria) is widely used for water purification since it is chemically stable 
even in strong acids, and shows a strong affinity to anionic contaminants.[8] 
However, electrochemical applications utilizing ceria are relatively rare, which 
may be due to the poor conductivity of pure ceria.[9] However, the electrical 
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conductivity of ceria can be improved via various methods, such as controlling 
the microstructure, and doping of various metals into the structure to decrease the 
activation energy for oxygen vacancy diffusion, i.e., to increase the oxygen 
vacancy concentration.[10] The relationship between conductivity and oxygen 
vacancies has been known for some time. For example, it has been reported that 
electrical conductivity of switching materials in resistive random-access memory 
(RRAM), such as HfOx and TaOx, is mainly related to the content of the oxygen 
vacancy defects. A sigmoid function has been applied to describe electrical 
conductivity as a function of oxygen vacancy concentration, where a decrease of 
conduction activation energy in the switching materials due to increasing the 
number of oxygen vacancy defects results in an increase in electrical 
conductivity.[11] Oxygen vacancies in ceria materials, which can be introduced 
by doping and the subsequent increase in lattice constants, are of critical 
importance for catalytic applications and electrochemical applications, due to the 
increase in mobility of oxygen ions and conductivity.[12]  
A previous study indicated that manganese oxide-dispersed ceria exhibited 
outstanding catalytic properties due to a strong interaction between Mn2O3 and 
CeO2, leading to an increase of oxygen vacancies.[13] In addition, manganese 
oxide has attracted wide interest due to its broad potential application in many 
fields, such as heterogeneous catalysis, electrochemical sensing, supercapacitors 
and batteries.[14] It has been reported that manganese oxide works efficiently in 
electrochemical theophylline sensing, glucose sensing, cysteine sensing and 
arsenic detection.[14b, 15] Herein, we combine these properties to use 
Mn2O3/CeO2 hetero-nanostructures for electrochemical arsenic detection. It is 
postulated that benefit from the increase in the conductivity of ceria and the 
adsorption ability of metal oxides in Mn2O3/CeO2 hetero-nanostructures will be 
observed, and some interesting electrochemical sensing performance can be 
observed for the Mn2O3/CeO2 hetero-nanostructures.  
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In this first part of the chapter, results on the synthesis of Mn2O3 nanoparticle-
dispersed CeO2 nanocubes were presented by a facile route and used to modify a 
Au substrate, resulting in a new modified electrode (denoted as Mn2O3/CeO2/Au) 
for analysis of As (III) by SWASV. Interference studies, stability and 
repeatability measurements were conducted to assess the practicality of the 
electrode. Comparison with a bare Au substrate, CeO2 nanocubes, Mn2O3 
nanoparticles, and a Mn2O3 and CeO2 physical mixture (PM) modified Au 
substrate were undertaken to confirm the pleasing performance of the 
Mn2O3/CeO2 modified electrode. 
Another interesting class of materials with high arsenic adsorption ability are 
graphene-based materials. Graphene oxide (GO), due to its high-conductivity, 
strong adsorption ability, extraordinary electronic properties and large surface 
area, has attracted considerable attention in various applications including 
sensors, electronics, photovoltaics, catalysis, biomedical and energy and 
battery.[16] GO has long been used for electrochemical analysis, since the 
decoration of electrodes with graphene oxide sheets improves conductivity of 
electrons due to its physical properties and thinness.[16a, 17] Furthermore, GO 
has excellent adsorption properties, because the large delocalized p–electron 
system can help GO interact strongly with other molecules,[18] and abundant 
surface oxygen-containing functional groups (-OH, C-O-C, and -COOH) on GO 
with disorder on the basal planes and edges supply a number of reactive sites for 
adsorption of metal ions.[19] In this way, there is an increasing trend towards 
their use in electrochemical detection of heavy metals (e.g. arsenic).[20] GO has 
been applied to modify gold electrodes, which exhibited high sensitivity towards 
arsenic detection.[16a] There are also several studies exploring surface modified 
and functionalized GO for arsenic detection. For example, noble metal 
nanoparticles, such as nanogold and nanosilver, have been fabricated on GO 
sheets to form nanocomposites and the nanocomposites possessed high 
electrochemical activity in As (III) redox reactions.[20a, 21] Metal oxides, such 
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as MnO2, Fe3O4 and PbO2, are utilized for producing GO-metal oxide composites 
and the obtained nanohybrids suggest effective sensing electrodes for As (III) 
determination.[20b, 22] Amino group functionalized GO (NH2-GO) was applied 
to decorate a Au electrode, dramatically increase the electrochemical sensitivity 
towards As (III) due to its strong absorption capability.[23] 
Up to now, there have been just a few reports on graphene oxide frameworks 
(GOF), which show the augmentation of surface area and improvement of 
adsorption capacity compared to GO.[24] GOF is a class of porous material, 
which consists of GO sheets pillared by various rigid molecules, and was first 
utilized for gas sorption and storage due to the porosity and large surface area.[24-
25] Boronic acids are widely used as molecular pillars to interconnect GO layers 
through the strong boronate-ester bond between boronic acids and hydroxy 
groups to form lamellar structures.[24b, 24c] This not only improves the stability 
over GO but enhances the porosity, and much larger surface areas are 
obtained.[25a]  Moreover, the introduction of boron can improve electron 
accepting-donating ability, which has been reported to improve the 
electrochemical performance in the oxygen reduction reaction (ORR).[24b, 24c] 
In this chapter, for the first time, boronic acid pillared GOF decorated gold 
substrate (GOF/Au sub.) is prepared for the electrochemical detection of As (III). 
The gold substrate is utilized since gold nanomaterials provide a more sensitive 
stripping voltammetry than others, due to the formation of Au-As intermetallic 
compounds that can improve the efficiency for As (0) preconcentration (as seen 
in Chapter 3 where this was studied carefully).[21a, 26] The proposed GOF/Au 
sub. electrode was thoroughly investigated for As (III) determination in terms of 
sensitivity, limit of detection (LoD), interference studies, stability and use in real 
world samples.    
4.1.2 Research aims 
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The aim of this chapter is to improve the electrochemical performance of 
modified Au electrodes for As (III) detection, mostly with regards to sensitivity 
of As (III) electrochemical determination, due to adsorption ability of modifying 
materials, and also to study selectivity. It is well-known that nanomaterials with 
excellent adsorption ability are a good option to improve the sensitivity for As 
detection, but there are few reports on the electrochemical As (III) detection with 
these nanomaterials, such as mixed metal oxide structures and new generations 
of carbon based nanomaterials. Therefore, the main research aim of this chapter 
is to investigate the feasibility of selected metal oxides and graphene oxide 
frameworks to improve the electrochemical performance for As (III) detection. 
To this end, metal oxide and graphene oxide frameworks with excellent arsenic 
adsorption capability and conductivity are prepared to modify Au electrode for 
As (III) detection, and the modified Au electrodes were compared with the pure 
polycrystalline Au electrode.  
4.2 Experimental section 
4.2.1 Chemicals 
All chemicals were purchased from Sigma-Aldrich and were of analytical grade. 
Graphite flakes were obtained from Asbury Carbons (grade: 3772, carbon content: 
99 %). As (III) stock solution (1 g/L) was prepared by dissolving 0.132 g of As2O3 
in concentrated NaOH, before adjustment to pH 3.0 with concentrated H2SO4 
before dilution to 100 mL with Milli-Q water. As (III) solutions of different 
concentrations were prepared from this stock solution. As (V) stock solution (1 
g/L) was prepared by dissolving Na2HAsO4·7H2O in Milli-Q water. Interference 
studies were performed with CuSO4, CaCl2, Fe(NO3)3·9H2O, HgCl2, 
Zn(NO3)2·6H2O, Pb(NO3)2, Cd(NO3)2·4H2O and Bi2O3. Bi2O3 was first dissolved 
in HNO3 and then diluted to make stock solution. All aqueous solutions were 
prepared with Milli-Q water (>18 MΩ/cm).  
4.2.2 Synthesis of Mn2O3/CeO2 nanocubes and GOF 
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Mn2O3/CeO2 nanocubes were synthesized following a previously published 
procedure by co-workers at RMIT.[13] Firstly, CeO2 nanocubes were prepared 
via an alkaline hydrothermal method. Briefly, 2.523 g of Ce(NO3)3·6H2O was 
totally dissolved in Milli-Q water, followed by the addition of 60 mL of 6M 
NaOH solution dropwise under stirring. The solution was stirred for 30 min, and 
then transferred to a Teflon bottle and sealed in a stainless-steel autoclave, and 
kept in an oven at 180 °C for 24 hours. After cooling to room temperature, the 
obtained products were washed by several centrifuge cycles with Milli-Q water 
and dried at 95 °C for 12 hours. The dried yellow powder was finally calcined at 
500 °C for 4 hours in air with a heating rate of 5°C/min to obtain CeO2 nanocubes. 
10 wt. % Mn (with respect to Ce) was loaded onto CeO2 nanocubes via a wet-
impregnation method. In brief, the required quantity of Mn(NO3)2·4H2O was 
dissolved in Milli-Q water and mixed with CeO2 nanocube powder. The mixture 
was heated at 100 °C on a hot plate under stirring to evaporate excess water. 
Finally, the products were dried and calcined at 500 °C for 4 hours in air with a 
heating rate of 5°C/min to obtain the Mn2O3/CeO2 nanocubes. 
Mn(NO3)2·4H2O powder was calcined directly at 500 °C for 4 hours under air 
flow with a heating rate of 5 °C/min to obtain Mn2O3 nanoparticles. The obtained 
Mn2O3 nanoparticles was directly mixed with CeO2 powder (1:10 wt% Mn:Ce) 
to obtain a Mn2O3 and CeO2 physical mixture (PM). The Physical mixture was 
prepared to compare to the nanocubes, where we expected more interaction 
between the two oxides, leading to different properties. 
The synthesis of GOF was based on a recent literature report.[24b] GO was 
prepared in several consecutive steps. Firstly, graphite flakes were expanded at 
1050 ± 2 °C for 15 seconds to get expandable graphite. A mixture of 1 g of 
expandable graphite and 200 mL H2SO4 (98%) was stirred in a three-neck flask 
for 24 h under room temperature, and then 5 g of KMnO4 (99.5%) was added to 
the mixture and stirred for another 24h. The mixture was cooled in an ice bath 
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and 200 mL Milli-Q water and 50 mL H2O2 (30%) were added dropwise into the 
mixture. After stirring for 30 min, the mixture changed to light brown. The as-
prepared material was washed in several centrifuge circles with HCl (36%) 
solution (1:9 vol HCl: H2O) until the solution pH was 6. Then the precipitations 
were rinsed with Milli-Q water and collected followed by drying at 80 °C in a 
vacuum oven for 24 h. 
For the GOF synthesis, 5 mg of GO was added to 10 mL N,N-dimethyformamide 
(DMF) and sonicated in an ice bath for 1 h. Then 5 mg of benzene 1,4-diboronic 
acid was added and the mixture was transferred into 50 mL Teflon reactor sealed 
in stainless autoclave and kept at 80 °C for 5 h. After cooling to room temperature, 
the obtained material was washed with DMF and dried at 60 °C overnight.   
4.2.3 Characterization 
The characterization of Mn2O3/CeO2 nanocubes and materials used for 
comparison was as follows. High resolution transmission electron microscopy 
(HRTEM) images were taken on a JEOL 2100F TEM microscope. X-ray 
diffraction (XRD) patterns were analysed on a Bruker D4 Endeavor X-ray 
diffractometer with Cu Kα radiation (λ=1.5406Å). X-ray photoelectron 
spectroscopy (XPS) measurements were performed on a Thermo Scientific K-
Alpha X-ray photoelectron spectrometer using a Al Kα X-ray source (Ephoton = 
1486.7 eV), using the C 1s peak at 284.6 eV as an internal standard. Raman 
measurements were recorded on Perkin-Elmer Raman Station 400F Raman 
spectrometer with a 785 nm excitation wavelength. 
GOF and GO were characterized using several techniques: X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy. To 
understand the phase structure of GO and GOF, diffraction measurements were 
carried out using an X-ray diffractometer (XRD, Model: Shimadzu S6000, 
Radiation source: Cu kα radiation, wave length: λ = 0.154 nm). For the 
identification of chemical composition of the synthesized product, XPS was 
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conducted via X-ray source of monochromated Al K-alpha, and C1s at 285.0 eV 
for adventitious hydrocarbon binding energy reference was used during analysis 
(Power: 164W (10.8 mA and 15.2kV) Model: XPS, ESCALAB250Xi, Thermo 
scientific, UK). The structural changes in the graphene network were measured 
using a Raman spectrometer (InVia, Renishaw) using an Ar+ ion 70 laser at 
λ=514.5 nm.  
4.2.4 Preparation of working electrodes 
The Mn2O3/CeO2/Au working electrode was prepared by modifying a Au 
substrate with the Mn2O3/CeO2 nanocubes. The Au substrate was fabricated by 
evaporating 10 nm of Ti followed, by 150 nm of Au on a Si wafer using an E-
beam evaporation system on a PVD 75 instrument. The Au substrate was rinsed 
three times with acetone, ethanol and Milli-Q, respectively and dried under 
nitrogen. Then, the Au substrate was partially covered by Kapton tape leaving an 
exposed circle with a diameter of 0.3 cm. A desired amount of Mn2O3/CeO2 
nanocube was dispersed in Milli-Q and Nafion solution to obtain 1 mg/mL of 
Mn2O3/CeO2 and 0.5 wt % of Nafion. The mixture was ultrasonicated for 5 min 
and then 5 µL of the well-dispersed Mn2O3/CeO2/Nafion mixture was drop-
casted onto the Au substrate and dried at room temperature to obtain the 
Mn2O3/CeO2/Au electrode. Au, CeO2, Mn2O3, and PM modified Au substrates 
were prepared in the same way with Nafion, CeO2/Nafion, Mn2O3/Nafion and 
PM/Nafion modified gold substrates, respectively.   
Mn2O3/CeO2 modified glassy carbon (GC) electrode, graphite electrode, and 
boron-doped diamond (BDD) electrode were fabricated in the same way as the 
Au substrate electrode, but with the Au substituted for each of these substrates. 
For the Mn2O3/CeO2 modified carbon paste electrode (CPE), Mn2O3/CeO2 cubes 
were mixed well with carbon paste first to get a Mn2O3/CeO2:carbon paste weight 
ratio of 1:1, and then Mn2O3/CeO2-carbon paste was used to construct the 
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electrode by packing firmly the mixture into a CPE shell with a copper wire to 
make contact.   
GOF modified Au substrates were prepared similarly. 1 mg/mL GOF in 
ethanol/water solution (1/1 v/v) was sonicated to obtain a homogenous 
suspension. Then 3 µL GOF suspension was drop casted on the Au substrate and 
dried at room temperature. Afterwards, the GOF/Au sub. was covered by 3 µL 
Nafion solution (0.5 wt % in water) and dried to get the final version of GOF/Au 
sub. electrode. Au substrate modified with Nafion solution and GO/Nafion 
solution in the same way were denoted as Au sub. and GO/Au sub. electrode, 
respectively.  
GOF was also used to modify glassy carbon (GC) and boron-doped diamond 
(BDD) electrodes in the same way as on Au substrate electrode, denoted as 
GOF/GC and GOF/BDD electrode, respectively. Before drop casting of GOF, 
GC and BDD electrodes with a diameter of 3 mm were polished with 0.05 µm 
alumina slurry, followed by sonication first in ethanol and then Milli-Q water for 
5 min. 
4.2.5 Electrochemical analysis 
Electrochemical measurements were conducted with a conventional three-
electrode system on a CHI 760C electrochemical workstation. Modified 
electrodes described above were used as the working electrode, while Pt wire and 
a Ag/AgCl (3 M NaCl, 0.21 V vs SHE) electrode were used as the counter and 
reference electrode respectively. Cyclic voltammetry (CV) was performed in 
0.5 M H2SO4 at a scan rate of 0.1V/s to obtain Electrochemical Surface Area 
(ECSA) of the Au surface, which was determined by oxide reduction peaks at 
~0.9 V, assuming a charge density of 400 µC cm-2.[27] Electrochemical 
impedance spectra (EIS) were measured in a solution of 2 mM K3Fe(CN)6 
containing 0.5 M KNO3 with an initial voltage of 0 V and an amplitude of 5 mV 
from 1-100000 Hz. Square wave anodic stripping voltammetry (SWASV) was 
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used for arsenic analysis. For metal oxide modified Au electrodes, As (0) was 
first pre-deposited onto the working electrode by applying a potential of -0.3 V 
for 120 s under stirring. For GOF/Au electrodes, pre-deposition was conducted at 
-0.35 V for 180 s in 0.5 M H2SO4. Square wave voltammetry (SWV) was then 
performed with increment potential of 4 mV, amplitude of 25 mV and frequency 
of 15 Hz. Afterwards, the electrode was preconditioned at 0.7 V for 120 s without 
stirring to remove the residual arsenic.  
4.3 Results and discussion 
4.3.1 Mn2O3/CeO2 nanocube modified Au substrates. 
 
Figure 4.1. a) HRTEM image, b) XRD pattern, c) Ce 3d and d) Mn 2p XPS spectra and 
e) Raman spectra of the synthesized Mn2O3/CeO2 nanocubes. Inset shows enlarged 
Raman spectra (e). 
Figure 4.1a shows a typical HRTEM image of Mn2O3/CeO2 nanocubes. CeO2 
particles are cubic with an average size of 22 ± 5 nm. The d spacing of lattice 
fringe was measured to be 0.271 nm, which corresponds to the fluorite structured 
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CeO2 (100) plane.[28] Mn2O3 nanoparticles with a size of 6 ± 2 nm were mainly 
decorated on the edge of the CeO2 nanocubes. The interplanar distances of fringes 
were estimated to be 0.471 and 0.166 nm, assigned to Mn2O3 (100) and Mn2O3 
(110) respectively. Figure 4.1b shows the powder XRD patterns of Mn2O3/CeO2 
nanocubes. Compared with the XRD patterns of pure CeO2, two additional 
smaller peaks at 35.0° and 38.3°are clearly found, which can be attributed to the 
a-Mn2O3 phase.[13] No obvious other significant diffraction peaks are observed, 
indicating the high purity of the prepared Mn2O3/CeO2 nanocubes.  
Figure 4.2 shows the XRD pattern of pure Mn2O3 nanoparticles that were used as 
a reference material, which also matches well with Mn2O3 (JCPDS No. 71-0636). 
Mn2O3 exists with the presence of Mn (III) ions in a distorted lattice, and has been 
reported to have a higher electrocatalytic activity compared with other manganese 
oxides for the oxygen evolution reaction and oxygen reduction reaction in both 
acidic and alkaline solutions. The excellent electrocatalytic activities of Mn2O3 
are ascribed to better electronic and ionic transfer abilities, stronger molecule 
adsorption ability and more subsurface defects such as oxygen vacancies 
compared to other manganese oxides.[29]  
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Figure 4.2. XRD pattern of Mn2O3 nanoparticles. 
The Ce 3d XPS spectrum is shown in Figure 4.1c. It can be de-convoluted into 
eight peaks corresponding to four pairs of spin-orbit doublets. Six fitting peaks 
labelled in blue are assigned to Ce (IV), while the other two peaks in red are 
assigned to Ce (III).[3a] Previous research has indicated a higher concentration 
of Ce (III) ions in Mn2O3/CeO2 nanocubes than in pure CeO2 nanocubes, leading 
to creation of oxygen vacancies and unsaturated chemical bonds.[30] The 
presence of abundant oxygen vacancy defects resulted in enhanced catalytic 
performance in a heterogeneous system and improved electrical conductivity 
which is beneficial to electrochemical applications.[12b, 13] The concentration 
of Ce (III) was 0.13 here, estimated from the ratio of integrated Ce (III) peaks to 
the total Ce (Ce3+ and Ce4+), which is a little bit higher than in pure CeO2 
nanocubes (~0.12 in the literature).[13] Figure 4.1d shows the Mn 2p XPS 
spectrum of Mn2O3/CeO2 nanocubes, which can be deconvoluted into two peaks, 
indicating the coexistence of Mn3+ and Mn4+.  
The Raman spectrum of Mn2O3/CeO2 is shown in Figure 4.1e. The sharp peaks 
at around 460 cm-1 can be ascribed to F2g mode of fluorite structured CeO2 with 
the space group Fm3m.[13] The broad feature that appears at ~648 cm-1 indicates 
the presence of a-Mn2O3 and another broad peak at 595 cm-1 can be ascribed to 
oxygen vacancy defects in CeO2.[13] It is observed that the F2g band in the 
Mn2O3/CeO2 nanocubes showed a shift of about 5 cm-1 to lower wavenumbers 
compared to that of pure CeO2. For comparison, the Raman spectrum of the 
physical mixture (PM) of Mn2O3 and CeO2 is shown, and a similar F2g band can 
be observed in PM as pure CeO2. It is suggested that the peak shift is related to 
the variation in the Ce-O vibration frequencies. Generally, expanded lattice 
induces slower vibrations and the F2g band shows a negative shift.[13] This is 
ascribed to a greater number of Ce3+ ions and oxygen vacancies in Mn2O3/CeO2 
nanocubes compared to pure ceria and the PM. Thus, Mn2O3/CeO2 nanocubes can 
obtain a higher conductivity, and improved electrochemical ability is expected. 
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We can conclude there is a strong interaction between Mn2O3 and CeO2 in 
Mn2O3/CeO2 nanocubes, which will affect its properties when used for 
electrochemical sensing, and electrochemical characteristics of the decorated 
CeO2 should differ markedly from pure CeO2.    
 
 
Figure 4.3. a) SWASV responses of Au substrate, CeO2, Mn2O3, Mn2O3-CeO2 physical 
mixture (PM) and Mn2O3/CeO2/Au at 1 ppm As (III) in 1.5 M H2SO4. b) Comparison of 
SWASV responses of five electrode materials at 1 ppm As (III) in 1.5 M H2SO4. c) CV 
responses of five electrode materials in 0.5 M H2SO4. d) Estimated Au surface areas for 
modified Au electrodes with 5 materials. SWASV conditions: deposition potential, -0.3 V; 
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deposition time, 120 s; initial potential, -0.3 V; final potential, 0.7 V; amplitude, 25 mV; 
increment potential, 4 mV; frequency, 15 Hz. 
Electrochemical detection of As (III) was conducted with the SWASV technique 
on Au substrate, CeO2/Au, Mn2O3/Au, PM/Au and Mn2O3/CeO2/Au electrodes. 
Figure 4.3a shows the SWASV responses of Au substrate, CeO2/Au, Mn2O3/Au, 
PM/Au and Mn2O3/CeO2/Au electrodes at 1 ppm As (III) in 1.5 M H2SO4. It 
clearly indicates an As (III) stripping feature at 0.232 V is present on the pure Au 
substrate, as is expected for this much studied material, due to the stripping of 
As (0) deposited during the deposition step at -0.3 V for 120s. When the Au 
substrate was modified with CeO2, the SWASV response shows an enhanced 
As (III) stripping feature and a progressively higher stripping current is seen for 
Mn2O3/Au and Physical Mixture (PM) modified electrodes. Finally, the SWASV 
response for the Mn2O3/CeO2/Au modified electrode shows the largest stripping 
current, as well as a cathodic shift in peak potential to an Epeak of 0.192 V. This 
suggests that Mn2O3/CeO2/Au has the highest sensitivity of the electrodes tested. 
A direct comparison of the current for the five electrode materials is shown in 
Fig. 4.3b. It can be concluded that a much improved stripping peak for As (III) 
analysis on Mn2O3/CeO2/Au is thus obtained. Cyclic voltammetric curves were 
recorded in 0.5 M H2SO4 to probe the Au surface area of all of the modified 
electrodes, as shown in Figure 4.3c.[31] The ECSA of five electrodes are similar 
with a relative standard deviation (RSD) of 5.0 %, indicating all samples exhibit 
almost the same gold substrate surface within experimental error. It is known that 
gold is active towards As (III) sensing, but the very similar gold surface areas in 
all samples indicate the difference of electrochemical performance among all 
samples results from the synergistic effect of the modifying materials with the 
gold substrate.  
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Figure 4.4. Peak Currents of Mn2O3/CeO2/Au sub. at 1 ppm As (III) in different 
electrolytes. 
Experimental conditions were optimized for the Mn2O3/CeO2/Au electrode. 
Figure 4.4 reveals the influence of various electrolytes on the As (III) stripping. 
Five electrolytes were tested, including H2SO4 with two concentrations (1.5 M, 
0.5 M), 0.1 M sodium acetate-acetic acid buffer solutions with varying pH 
(pH 3.7, pH 5.6) and 0.1 M phosphate buffer solution (pH 6). 1.5 M H2SO4 was 
verified as the best electrolyte, with highest stripping current under identical 
electrochemical conditions. An acidic environment can induce the increase of the 
Ce3+ ratio in ceria, hence increasing the oxygen vacancies, and this may be a 
reason.[32]  As shown in Figure 4.5, after treating in 1.5 M H2SO4, the Ce3+ ratio 
has increased significantly to 0.31 in Mn2O3/CeO2. The increase of oxygen 
vacancies further benefits electrochemical analysis of arsenic. Deposition time 
was further optimized, which indicates that stripping currents increase with the 
deposition time as expected. The calibration plot suggests a levelled-off 
calibration curve after 120 s deposition time due to surface saturation, which 
allowed us to choose this value. The optimization of deposition potential was also 
studied. Decreasing the deposition potential from –0.1 to –0.3 V results in an 
increase of peak current, attributing to more arsenic deposition on the electrode. 
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Further reducing this potential leads to the drop of the peak current. The decrease 
is ascribed to the evolution of hydrogen bubbles at lower deposition potential than 
–0.3 V, which can cover the surface of the electrode and thus inhibit arsenic 
reduction. Therefore, the best deposition potential is –0.3 V. 
 
Figure 4.5. Ce 3d XPS spectrum of Mn2O3/CeO2 nanocubes treated in As (III) solution in 
1.5 M H2SO4. 
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Figure 4.6. a) SWASV responses of Mn2O3/CeO2/Au for analysis of As (III) in 1.5 M 
H2SO4. b) The corresponding calibration plot c) SWASV responses of Mn2O3/CeO2/Au 
at 10 ppb and 50 ppb Cu (II) in the presence of 110 ppb As (III) in 1.5 M H2SO4. d) 
Interference study of Mn2O3/CeO2/Au sub. at 50 ppb of various ions in the presence of 
110 ppb As (III). Conditions are as Figure 4.3. Dash line refers to background signal. 
Using these optimized conditions, typical SWASV responses of the 
Mn2O3/CeO2/Au electrode at a range of concentrations of As (III) are shown in 
Figure 4.6a. The corresponding calibration curve based on the stripping currents 
in Figure 4.6b shows good linear behaviour, with a correlation coefficient R2 of 
0.9902. The obtained sensitivity and calculated limit of detection (LoD, S/N=3) 
are 0.0414 µA / ppb and 3.35 ppb, respectively. This LoD is below the guideline 
value for As (III) in drinking water set by WHO (10 ppb). We also studied the 
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SWASV responses and corresponding calibration curves for Au electrode, 
CeO2/Au electrode, Mn2O3/Au electrode, and PM/Au electrode, confirming that 
these samples show a lower sensitivity compared to the Mn2O3/CeO2/Au 
electrode. 
Selectivity for As (III) of the new electrode materials is very important for 
accurate and reliable detection in natural samples that may contain interferences. 
Other metal ions co-existing in the real samples can be deposited and stripped 
with As (III) during electrochemical analysis, interfering with the As (III) signal. 
Cu (II) ion is the main ion causing interference with As (III) on gold due to a 
similar stripping potential and the tendency to form Cu-As intermetallic 
compounds.[15c, 33] We thus performed a Cu (II) ion interference study on 
Mn2O3/CeO2/Au, which is shown in Figure 4.6c. A small stripping peak of Cu 
(II) at 0.264 V is seen after adding 10 ppb Cu (II) into 110 ppb As (III). Further 
addition of Cu (II) to 50 ppb shows limited interference with the As (III) signal. 
Copper concentrations in waters vary in different reports around the world, but 
copper is present at very low concentration (usually less than 10 ppb) in 
uncontaminated surface waters. For example, the median value in surface waters 
was 10 ppb in the USA and 6 ppb in the United Kingdom.[34] The concentration 
of copper in drinking waters is normally higher than in surface waters due to 
leaching of copper pipes. In Australia, the typical value of copper in major 
reticulated supplies is about 50 ppb.[35] Therefore, Mn2O3/CeO2/Au electrode 
indicates acceptable anti-interference activity towards copper existing in normal 
water system. The effect of 50 ppb of a wider range of metal ions on the peak 
current of As (III) is also shown in Figure 4.6d. All metal ions reveal little 
interference on the As (III) stripping current, indicating Mn2O3/CeO2/Au has 
good selectivity towards As (III) in the presence of commonly coexisting cations 
in aqueous solution.  
The electrochemical activity of Mn2O3/CeO2/Au sub. towards As (V) has been 
investigated further. Figure 4.7 reveals no difference in the SWASV responses 
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can be observed after adding 1 ppm and 10 ppm As (V) while the large stripping 
peak appears after adding 1 ppm As (III). It suggests As (V) shows no interference 
towards As (III) on Mn2O3/CeO2/Au electrode.  
 
Figure 4.7. SWASV responses of Mn2O3/CeO2/Au in the presence of arsenic (III) or 
arsenic (V) in 1.5 M H2SO4. Inset shows enlarged curves. Conditions are the same as 
Figure 4.3. 
The pleasing electrochemical performance for selective determination of As (III) 
of Mn2O3/CeO2 nanocubes have thus been verified on a gold substrate. However, 
the importance of the gold substrate is still unclear. To investigate the effect of 
the substrate, other commonly used modified electrode substrates were tested in 
the same way, including GC, graphite electrode, BDD and CPE. Figure 4.8 
reveals no obvious peaks were observed on all four substrates for 1 ppm As (III). 
Therefore, we can conclude the improved electrochemical performance in 
Mn2O3/CeO2/Au is due to the synergistic effect of the modified gold substrate 
with Mn2O3/CeO2 nanocubes. Gold substrate played the key role in 
electrocatalytic reduction of As (III) and the excellent arsenic absorption ability 
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of Mn2O3/CeO2 nanocubes enhanced the overall electrochemical performance. 
Thus, the combination of the gold substrate with the Mn2O3/CeO2 nanocubes 
makes it a promising sensor for As (III) in aqueous solution.     
 
Figure 4.8. SWASV responses of Mn2O3/CeO2 on glassy carbon (a), BDD (b), graphite (c) 
and carbon paste (d) in the absence (black) and presence (red) of 1 ppm arsenic (III) in 
1.5 M H2SO4. Conditions are as Figure 4.3. 
Based on the above experiments, a possible mechanism for As (III) detection on 
Mn2O3/CeO2/Au can be proposed, and is shown in Scheme 4.1. Scheme 4.1A 
indicates the spontaneous adsorption of As (III) on the Mn2O3/CeO2/Au 
electrode.[3c, 3f, 36] It is reported that the non-ionic arsenic (H3AsO3) is the 
dominant form at pH below 7 but applying a more negative potential can induce 
more As (III) reduction.[15c, 37] Thus it is postulated that there is a strong 
relationship between electrical conductivity of materials and arsenic adsorption, 
i.e., arsenic adsorption ability can be improved due to enhancing conductivity of 
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Mn2O3/CeO2/Au electrode at the pre-deposition step (Scheme 4.1B). On the basis 
of the improved adsorption ability of Mn2O3/CeO2/Au electrode, large quantities 
of As (III) can be first adsorbed on the surface of the Mn2O3/CeO2 nanocubes, 
and easily diffused to the surface of Au substrate, where As (III) reduction to As 
(0) occurs, i.e. in the boundary of gold and Mn2O3/CeO2 nanocubes and/or on 
gold substrate due to the electrocatalytic activity of gold.[15c] During the 
stripping process in Scheme 4.1C, the deposited As (0) is re-oxidized to As (III) 
and stripped away into electrolyte, leading to the corresponding stripping current, 
allowing electrochemical analysis of As (III). It is thus predicted that increasing 
the boundary of electrocatalytic materials and absorption materials, utilizing gold 
nanoparticles instead for example, would benefit more arsenic reduction, 
improving electrochemical performance.   
 
Scheme 4.1. Schematic diagram of electrochemical analysis of As (III) on 
Mn2O3/CeO2/Au sub. electrode. 
Metal oxide nanomaterials are liable to be unstable in acidic conditions. 
Therefore the stability of the developed electrode material was examined to assess 
its use in practical applications. Consecutive electrochemical analyses on the 
developed sensor was conducted, and the effect on peak height of the stripping 
peak are shown in Figure 4.9a. No obvious peak change occurs during 10 
consecutive analyses. The relative standard deviation (RSD) is 2.8 % at 1 ppm 
As (III) in 1.5 M H2SO4 as determined by the peak currents of the SWASV 
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responses (shown in Figure 4.9b). This result reveals Mn2O3/CeO2/Au electrode 
can be reutilized without loss of performance. Furthermore, the storage stability 
of the Mn2O3/CeO2/Au electrode was studied as shown in Figure 4.9c. The 
stripping peak only decreases by 0.5 % after storage for one week. XPS was 
utilized to study Mn2O3/CeO2 nanocubes after electroanalysis of arsenic. As 
shown in Figure 4.10a, the Ce3+ concentration still maintains a high ratio of 0.37 
in Mn2O3/CeO2 nanocubes after electroanalysis. However, Figure 4.10b 
compares the high resolution XPS scans of Mn 3s spectral region on as-prepared 
Mn2O3/CeO2 and Mn2O3/CeO2 after electroanalysis. For the pure Mn2O3/CeO2 
nanocubes, the binding energy width between the two separated Mn 3s features 
is 5.8 eV, indicating the Mn oxidation state is mainly +3.[38] The binding energy 
width decreases to 4.63 eV in Mn2O3/CeO2, indicating oxidation states of Mn 
increase to mostly +4 after electrochemical treatment.[3c, 39] Although Mn3+ is 
stable under neutral conditions and tends to disproportionate under acidic 
conditions to give Mn4+ in the solid and Mn2+ in the liquid phase,[40] the 
electroanalytical activity doesn’t change too much as shown above. This is might 
due to such a small amount of manganese oxide with respect to ceria that thus has 
little impact on the total electrochemical performance, since the excellent arsenic 
adsorption ability is maintained by a large amount of ceria, that has its 
electrochemical performance significantly improved by the presence of the 
Mn2O3. But the difference/similarity on the electroanalytical performance 
between different manganese oxides is not clear and would need further 
investigation in the future. To check the batch-to-batch precision and 
reproducibility of the developed sensor, three Mn2O3/CeO2/Au electrodes were 
fabricated and tested under identical conditions. Figure 4.9d shows good 
reproducibility with a RSD of 4.6 % observed at 1 ppm As (III) in 1.5 M H2SO4.  
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Figure 4.9. a) Continuous SWASV analyses on the same Mn2O3/CeO2/Au electrode at 
1 ppm As (III) in 1.5 M H2SO4. b) Corresponding peak currents with 10 repeated 
analyses. c) Storage stability measurements on Mn2O3/CeO2/Au and d) Reproducibility 
on three different Mn2O3/CeO2/Au selectrodes at 1 ppm As (III) in 1.5 M H2SO4. 
Conditions are as Figure 4.3. Dash line refers to background signal. 
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Figure 4.10. a) Ce 3d XPS spectrum of Mn2O3/CeO2 nanocubes after electrochemical 
detection of As (III) in 1.5 M H2SO4. b) Mn 3s XPS spectra of obtained Mn2O3/CeO2 
nanocubes (black), and Mn2O3/CeO2 nanocubes after electrochemical analysis of As (III) 
(blue).   
4.3.2 GOF modified Au substrate 
 
Figure 4.11. a) X-ray diffraction patterns of graphene oxide (GO) and graphene oxide 
framework (GOF). b) Comparison of Raman spectra D band and G band for GO and 
GOF. 
GOF was first characterized by X-ray diffraction (XRD) to understand the 
structural phase (Figure 4.11a). Compared with GO, which showed a single 
diffraction (001) peak at 2θ = 11.4o, the GOF material revealed a negative shift 
of the (001) peak to 2θ = 8.6o, illustrating the one-dimensional expansion of GO 
layer.[24b] The successful linker anchoring into the GO structure can be easily 
understood from dspacing measurements.  Interlayer distance (dspacing) and thickness 
of crystal grain were calculated using Braggs law and the Scherrer formula, 
respectively:  
𝐵𝑟𝑎𝑔𝑔Z𝑠	𝐿𝑎𝑤:													𝑑]"^_`ab = λ2 sin 𝜃 
𝑆𝑐ℎ𝑒𝑟𝑟𝑒𝑟	𝐹𝑜𝑟𝑚𝑢𝑙𝑎:																	𝑡 = 𝐾𝜆𝛽𝐶𝑜𝑠𝜃 
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Where λ is X-ray wavelength (= 0.1542 nm), θ is the Bragg angle (xc/2) in radians, 
t is the mean size of the crystalline domains which may be smaller or equal to the 
grain size,[24a]  K is the shape factor (≈ 0.94) in radians,[24b] and  β is the line 
broadening at half of the maximum intensity (FWHM/2). 
Based on the above equations, a c-axis interlayer spacing (dspacing) of 0.76 nm was 
found between randomly GO stacked layers, whereas the interlayer distance for 
GOF was calculated as 1.01 nm which illustrates a GOF crystal size with 
approximately 15 individual graphene layers (thickness t divided by dspacing). It is 
important to note that the GOF exhibited only an expanded layer structure ((001) 
reflection) without any signs of GO reduction. These results illustrate the 
successful anchoring of the organic linker between GO layers for GOF formation. 
To investigate the structural changes of graphitic networks after GOF formation, 
both GO and GOF materials were analyzed by Raman Spectroscopy. The Raman 
spectra (Figure 4.11b) showed a D band (corresponding to the structural 
defects/disorders) for both GO and GOF, with a broad peak around ~1351 cm-1, 
and shifting was observed at the G band peak (which is attributed to in-plane 
vibration of sp2 carbon=carbon bonds) at 1584 cm-1 for GO and 1594 cm-1 for 
GOF. Chemical interaction between GO and electron donor/acceptor compounds 
is expected to change the density of sp2 π electrons. Generally speaking, 
downshifts/upshifts have been observed for the G band when GO comes to 
interact with the electron donor-acceptor dopants.[41] As benzene 1,4-diboronic 
acid is a typical Lewis acid composed of deficient boron atoms, it undergoes an 
esterification reaction with GO hydroxyl groups as follows:[24a] Boron acts as 
an electron acceptor from GO sheet, which results in a substantial blue shift 
(upshift) in the G band of GOF. 
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Figure 4.12. Deconvoluted C1s region of XPS of GO (a) and GOF (b).  
To understand the chemical bonding and elemental composition of the boron 
linker in the GO framework, XPS surveys were conducted for two samples (GO 
and GOF). GO presents C and O peaks as expected, but the additional presence 
of B is observed in the GOF network. The C1s XPS spectra for GO and GOF 
were shown in Figure 4.12a and b, respectively. The peaks at 285.03 eV and 
284.92 eV for GO and GOF, respectively, can be assigned to C=C (sp2 bonding 
in the graphitic network). The peaks at 287.16 and 287.13 eV are for C-O; and 
the peaks at 288.54 eV and 288.53 eV indicate C=O bonding in graphitic 
moieties.[42] Furthermore, the B1 XPS peaks at 191.48 eV and 192.81 eV are 
indication of oxidised boron states of CBO2 and B-O, respectively.[43] 
The chemical composition (XPS analysis) shows that GO and GOF contains 5.71 
and 5.80 at% of C=O bonding groups (ketone and carboxyl groups), respectively, 
which are similar for both materials. On the other hand, C-O bonding shows about 
a 2 % of decrease compared to GO during GOF formation which demonstrates 
the boronic linkages occurs in the lattice region of graphitic sheets rather than at 
edges[24a] as carboxylic groups decorated the edges during GO synthesis.[44] 
The O/C ratio for both GO and GOF are also similar, which illustrates that there 
is no significant reduction occurred during GOF synthesis as the preparation 
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process involved mild conditions. The linker between the GO layers induces 
porosity into the GOF materials, and a larger surface area has thus been obtained. 
BET (Brunauer-Emmett-Teller) surface area measurements show a significant 
increase to 465 m2 g-1 for GOF compared to the initial 36 m2 g-1 of GO.[24b] The 
reservation of large quantities of oxygen atoms (active sites) and larger surface 
area of GOF are considered important for enhanced As (III) adsorption capability, 
and thus improved electrochemical activity may be expected. 
 
Figure 4.13. a) cyclic voltammetry curves of Au substrate (black), GO/Au sub. (red) and 
GOF/Au sub. (blue) without (dash) and with (line) 10 ppm As (III) at scan rate of 0.1 V/s 
in 0.5M H2SO4. b) SWASV responses of Au substrate (black), GO/Au sub. (red) and 
GOF/Au sub. (blue) with 10 ppm As (III) in 0.5M H2SO4. Deposition potential, -0.5 V; 
deposition time, 60 s; initial potential, -0.5 V; final potential, 0.7 V; amplitude, 25 mV; 
increment potential, 4 mV; frequency, 15 Hz. 
CV was first conducted on GOF/Au sub. with and without 10 ppm As (III), as 
shown in Figure 4.13a. No redox peaks appear in the potential window without 
adding arsenic, but a broad cathodic peak starting from 0 V can be detected after 
adding 10 ppm As (III), which is ascribed to the reduction of As (III) to As (0) on 
GOF/Au sub. electrode. Consequently, a corresponding anodic stripping peak at 
~0.24 V is assigned to the re-oxidation of As (0) to As (III). For comparison, CV 
plots of Au sub. and GO/Au sub. were also shown in Figure 4.13a. Similarly, both 
materials reveal As (III) reduction and As (III) stripping features, but smaller 
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stripping currents are observed than on GOF/Au sub. electrode. Moreover, the 
stripping peaks shift to more positive potentials on Au sub. and GO/Au sub. 
electrodes, suggesting that arsenic oxidation reaction on both materials is more 
difficult or proceeds with slower kinetics than on the GOF/Au sub. electrode. 
SWASV was further utilized due to its highly sensitivity and clear background, 
as shown in Figure 4.13b. Obviously, significant enhancement in anodic As (III) 
oxidation current is obtained on GOF/Au sub. electrode, with a negative shift of 
peak potential compared with the other two electrodes. Both results indicate that 
the GOF/Au sub. electrode shows enhanced electrochemical activity for arsenic 
determination. The improvement of the electrochemical performance can be 
ascribed to: 1) Increase of surface area and reservation of functional groups on 
GOF leads to augmentation of arsenic adsorption active sites;[18] 2) Additional 
adsorption and reduction capability of boron towards As (III), which worked as 
electron-donating sites by transferring p electrons of the benzene conjugated 
system to its the vacant 2pz orbital.[45]      
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Figure 4.14. Impedance spectra of Au substrate, GO/Au sub. and GOF/Au sub. in the 
solution of 2 mM K3Fe(CN)6 containing 0.5 M KNO3. 
Figure 4.14 show the EIS spectra, i.e. the Nyquist plots on Au sub., GO/Au sub. 
and GOF/Au sub. electrode. It can be observed that the decoration of gold 
substrate with both GO and GOF can decrease the impedance value of the 
electrode, while GO/Au sub. show the smallest impedance value among the three 
electrodes. It also can be concluded that there is a shift in the behaviour of the 
device from diffusion limited with the bare gold substrate to charge transfer 
limited after decoration of GO (GO/Au sub.) and a shift back to diffusion limited 
on the GOF/Au sub. electrode again. The evidence is the disappearance of linear 
region in the low frequency part of the EIS spectra on Au sub. and GOF/Au sub. 
but the well-defined semicircular at high frequency and linearity at low frequency 
on the GO/Au sub. electrode. It is thus evident that the favourable electron 
transfer kinetics of GO enable rapid oxidation and reduction of Fe(CN)63-/4- 
ions,[16a, 46] hence a much lower impedance value is obtained on GO/Au sub. 
electrode. The decrease of resistance in turn increases the sensitivity of electrode 
as electron transport increases.[16a] However, the intercalation of rigid organic 
molecules as interlayer spacer (boronic acid here) can decrease the conductivity 
of GO and larger impedance value is observed on GOF/Au sub. than on the 
GO/Au sub. electrode.  
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Figure 4.15. a) Scan rate study in the solution of 2 mM K3Fe(CN)6 containing 0.5 M KNO3 
at GOF/Au sub. electrode. b) The corresponding plots of anodic current versus the square 
root of the scan rate with a linear trend line. 
Cyclic voltammetric measurements (Figure 4.15) were studied at different scan 
rates on GOF/Au sub. in 2 mM K3Fe(CN)6 and 0.5 M KNO3 solution. The 
linearity of the plot of current vs. the square root of scan rate reveals the excellent 
charge transfer capability of GOF/Au electrode (i.e. the redox process is 
diffusion-controlled).[47] The electrochemical redox behaviour of gold material 
on Au substrate, GO/Au electrode and GOF/Au electrode were obtained and 
shown in Figure 4.16. Typical Au redox processes were observed for all 
electrodes. The Au reduction peaks at ~0.93 V were utilized to estimate the 
electrochemically active surface areas (ECSA) of the supporting substrate based 
on a specific charge of 400 µC cm-2 for reducing gold oxide monolayer.[27c] Au 
ECSA of Au substrate, GO/Au electrode and GOF/Au electrode were calculated 
to be 0.0938, 0.0925, and 0.0880 cm2, respectively. 
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Figure 4.16. CV curves in 0.5 M H2SO4 for Au substrate (black), GO/Au sub. (red) and 
GOF/Au sub. (blue). Scan rate: 100 mV / s. 
Experimental conditions were optimised for As (III) detection first by trying 
different electrolytes. Three commonly used acids, H2SO4, HCl and HNO3 were 
compared, as shown in Figure 4.17a, with the highest peak current obtained in 
H2SO4. In addition, sodium acetate buffer solution at different pH values was also 
tested and shown in Figure 4.17b. It can be seen it is not only the arsenic stripping 
current that decreases but the stripping potential also shows a negative shift with 
the increase of pH. However, it is obvious that much smaller stripping currents 
are observed at all pH values compared to H2SO4. Therefore, H2SO4 (0.5 M) has 
been chosen as the electrolyte in the following experiments.  
 
Figure 4.17. SWASV responses of GOF/Au sub. at 10 ppm As (III) in 0.5M HCl, HNO3, 
and H2SO4 (a) and 0.1 M sodium acetate buffer solution in different pH (b). Experimental 
conditions are as Figure 4.13b.   
The effect of deposition potential and deposition time, and corresponding 
calibration plots were studied and shown in Figure 4.18. Decreasing the 
deposition potential from -0.1 V to -0.5 V leads to an improved stripping current, 
but a smaller stripping current is obtained when further decreasing the deposition 
potential to -0.7 V due to the intense hydrogen evolution. At -0.7 V hydrogen 
bubbles block the adsorption and deposition of arsenic. We have observed 
hydrogen bubbles evolved at potentials more negative than -0.35 V, which grow 
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in number with the deposition time increase. Therefore, a deposition potential 
more negative than -0.35 V is not practical on this electrode. On the other hand, 
increasing the deposition time does increase the stripping current as expected. A 
saturation effect occurs when the deposition time is higher than 120 s, but highest 
stripping current is still obtained with a deposition time of 180 s. Therefore, a 
deposition potential of -0.35 V and deposition time of 180 s were finally used as 
the optimized experimental parameters.  
 
Figure 4.18. Optimize experimental conditions; influence of a,b) deposition potential and 
c,d) deposition time on the SWASV responses of GOF/Au sub. at 10 ppm As (III) in 0.5 
M H2SO4. Calibration plots (b, d) are evaluated based on anodic peaks of As (0) to As 
(III). The deposition time was set to 60 s for a, b; and the deposition potential was set to -
0.5 V for c, d.     
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Figure 4.19. a) SWASV responses of GOF/Au sub. for analysis of As (III) in 0.5 M H2SO4. 
Inset shows the enlarged curves around 0.2 V. Dotted line refers to blank solution without 
arsenic. b) The corresponding plot of the analysis of stripping currents as a function of 
As (III) concentrations. Deposition potential, -0.35 V; deposition time, 180 s; initial 
potential, -0.35 V; final potential, 0.7 V; amplitude, 25 mV; increment potential, 4 mV; 
frequency, 15 Hz.  
SWASV responses of GOF/Au sub. with the addition of As (III) under optimized 
conditions are shown in Figure 4.19a. Corresponding calibration plots in Figure 
4.19b indicate an equation of Y (Current, µA) =0.0274X (Con. of As (III), ppb) -
0.8438 with a R2 of 0.982. Therefore, a sensitivity of 0.3113 µA cm-2 ppb-1 and a 
limit of detection (LoD, S/N=3) of 7.64 ppb are calculated for the GOF/Au sub. 
electrode.  
To further evaluate the feasibility of the GOF/Au sub. electrode, interference 
studies were performed. Cu (II) ion has been shown to be the most possible 
interfering ion due to the similar oxidation potential with As (III). A Cu (II) 
interference study is shown in Figure 4.20. It is clearly observed that another 
anodic stripping peak appears at ~0.266 V attributed to copper stripping, after 
adding Cu (II) at a constant concentration of As (III).  The Cu (II) stripping 
current increases with the successive additions of Cu (II) while the peak current 
of As (III) shows little change as copper increases, indicating minimal 
interference. Figure 4.20b shows a constant stripping current of As (III) is 
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obtained at less than ~70 ppb of Cu (II). Cu (II) interference investigations on Au 
sub. and GO/Au sub. are shown in Figure 4.21. On Au electrode, addition of 20 
ppb Cu (II) induces a large drop of the peak current of As (III), and a further 
increase in the concentration of Cu (II) results in a successive decrease of the As 
(III) peak, as shown in Figure 4.21a, b. For the GO/Au electrode (Figure 4.21c), 
there is no obvious As (III) anodic peak at low concentration (150 ppb), but a As 
(III) stripping peak appears at ~0.2 V at 1150 ppb As (III). Successive addition 
of Cu (II) induces occurrence of Cu (II) stripping peaks at ~0.27 V, and the As 
(III) peak shows obvious decrease at more than 40 ppb Cu (II), as shown in Figure 
4.21d. The results indicate that interference of Cu (II) is significantly less on the 
GOF/Au electrode compared to the Au and GO/Au electrode, due to more 
negative As (III) stripping potential on GOF/Au electrode (~0.15 V) compared to 
the Au electrode (~0.19 V) and GO/Au electrode (~0.21 V). Interference of some 
other ions such as Fe3+, Hg2+, Zn2+, Pb2+, Cd2+ and Bi3+, are shown in Figure 4.22. 
The effect on As (III) peak current caused by the first five cations is relatively 
small but an increase is observed after adding 100 ppb Bi3+, due to the similar 
oxidation peak potential of Bi (III) and As (III).   
 
Figure 4.20. a) SWASV responses of GOF/Au sub. at different concentration of Cu (II) in 
the presence of 150 ppb As (III) in 0.5 M H2SO4. Dotted line refers to arsenic solution 
without Cu (II). b) Effects of different concentration of Cu (II) on the As (III) stripping 
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peak in 0.5 M H2SO4. The stripping currents are obtained from arsenic peak currents in 
the range of 0-0.4 V (Ag / AgCl). Experimental conditions are as Figure 4.19.  
 
Figure 4.21. a, c) SWASV responses of Au sub. and GO/Au sub. at different concentration 
of Cu (II) in the presence of 150 ppb (a) or 1150 ppb (c) As (III) in 0.5 M H2SO4. Dotted 
line refers to arsenic solution without Cu (II). b, d) Effects of different concentration of 
132 
 
Cu (II) on the As (III) stripping peak in 0.5 M H2SO4. Experimental conditions are as 
Figure 4.19. 
 
Figure 4.22. Effects of various substances on the peak current of As (III) in 0.5 M H2SO4. 
All data are evaluated via SWASV for electrochemical detection of 200 ppb As (III) in 
the absence and presence of 50 ppb of other various substances and 100 ppb of Bi (III), 
respectively. Deposition potential, -0.35 V; deposition time, 60 s; initial potential, -0.35 V; 
final potential, 0.7 V; amplitude, 25 mV; increment potential, 4 mV; frequency, 15 Hz. 
Stability measurements for the GOF/Au sub. electrode are shown in Figure 4.23. 
Figure 4.23a indicates there is little change in SWASV responses with 10 
continuous  scans. Corresponding calibration plots in Figure 4.23b (pink scatter) 
show relatively constant peak currents are obtained with a RSD of 2.8%. In 
addition, the storage stability of GOF/Au sub. electrode is good, indicating in 
Figure 4.23b (grey column). After 10 days, SWASV responses show little 
difference, suggesting good stability of the GOF/Au sub. electrode.  
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Figure 4.23. a) Continuous 10 SWASV scans of GOF/Au sub. at 10 ppm As (III) in 0.5 M 
H2SO4. b) Calibration plots of continuous 10 SWASV responses of GOF/Au sub. (pink 
scatter) and comparison of SWASV responses in the first day and after 10 days (grey 
column). SWASV conditions are identical to Figure 4.13. 
In order to test the practical use, real environmental samples were analysed. A 
real waste water sample from was gold mine is filtered first by 0.45 µm filter and 
then diluted with 0.5 M H2SO4 (1:99). Standard additions of As (III) were 
conducted on the diluted sample. Figure 4.24a, b show the typical SWASV 
responses and corresponding calibration plots, respectively. However, no clear 
anodic stripping feature is observed in the starting diluted real sample. ICP-MS 
measurement determined the concentration of arsenic in the real sample is 44.21 
ppb. Hence no stripping peak is observed since the concentration in the diluted 
real water sample (0.44 ppb) is lower than the LoD (7.64 ppb). After adding 50 
ppb of As (III), a clear stripping peak current occurs and the peak current 
increases with the successive addition of As (III). The corresponding calibration 
curve shows good linearity with the equation of Y (Current, µA) =0.03X (Con. 
of As (III), ppb) -0.5055 (R2, 0.9907).               
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Figure 4.24. a) SWASV response of standard addition of As (III) into a real water sample 
diluted with 0.5 M H2SO4 in a ratio of 1:99. b) Corresponding linear calibration plot of 
peak current against As (III) concentrations. SWASV conditions are identical to Figure 
4.19. The red line refers to signal without adding As (III).  
Similarly, GOF modified GC and BDD was also investigated for As (III) sensing 
to confirm the importance of Au, as shown in Figure 4.25. There is no As (III) 
stripping peak on either GOF/GC or GOF/BDD electrodes, indicating the 
importance of Au substrate in GOF/Au electrode for As (III) detection, as was 
seen for the Mn2O3/CeO2/Au electrode.  
 
Figure 4.25. SWASV responses of GOF/GC (a) and GOF/BDD (b) in the absence (black) 
and presence (red) of 10 ppm As (III) in 0.5 M H2SO4. Deposition potential, -0.5 V; 
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deposition time, 60 s; initial potential, -0.5 V; final potential, 0.7 V; amplitude, 25 mV; 
increment potential, 4 mV; frequency, 15 Hz.     
4.4 Conclusions 
In this chapter the feasibility of nanomaterials with excellent adsorption ability to 
improve the sensitivity for As (III) detection, namely metal oxide and graphene 
oxide frameworks with excellent arsenic adsorption capability and conductivity 
have been used to modify Au electrodes. The sensitivity of electrochemical As 
(III) determination can be promoted by the decoration of nanomaterials, 
combined with the excellent electrochemical properties of the Au substrate. 
Mn2O3/CeO2 nanocubes on Au substrate have been revealed as a promising 
electrochemical sensor for As (III) detection. The key feature of the material is 
the combination of Mn2O3/CeO2 nanocubes and gold substrate enables the 
synergistic effect of arsenic absorption material Mn2O3/CeO2 and 
electrocatalytical material gold towards As (III) sensing in aqueous solution. The 
as-developed Mn2O3/CeO2/Au sub. shows anti-interference ability towards 
common interfering ions, leading to a stable, highly selective electrode, capable 
of analysis of As (III) below the WHO prescribed limit of 10 ppb. 
GOF modified gold substrate electrode (GOF/Au sub.) was then fabricated and 
utilized for As (III) detection. The as-prepared electrode presents improved 
sensitivity towards arsenic sensing compared to GO, with a sensitivity of 0.3113 
µA cm-2 ppb-1 and a limit of detection of 7.64 ppb. The improved electroanalytical 
performance over GO modified Au electrode and unmodified Au electrode can 
be assigned to the synergistic effect of GOF and the gold base, in which GOF 
obtained higher surface area and enhanced adsorption ability with good 
electrochemical properties. Interference studies demonstrated that the GOF/Au 
electrode shows excellent anti-interference ability to commonly existing heavy 
metal ions, such as Cu2+, Fe3+, Hg2+, Zn2+, Pb2+ and Cd2+. Excellent stability and 
utilization in real water sample on this electrode was also demonstrated, and 
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although the sample had an As(III) concentration below the LOD, a good 
calibration curve confirmed that the material could be effective in a complex 
matrix. This work thus shows the potential of GOF combined with gold in the 
electrochemical detection of As (III) in the presence of other heavy metal ions.   
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Chapter 5 
 
 
 
 
 
 
 
 
 
 
Synthesis of Prussian Blue (PB)-Pt Core-
Shell Cubes and Their Application for 
Electrochemical Oxidation of As (III) to As 
(V) 
 
 
  
140 
 
5.1 Introduction  
5.1.1 As (III) determination on Pt and Prussian blue (PB) 
As seen in previous chapters in this thesis, much effort has expended by 
researchers on methods for the successful detection of arsenite with high 
sensitivity and low LoD in recent years. However, because of the coexistence of 
various metals in natural waters, interference of ions such as Cu (II) is still a 
problem. Copper is usually deposited along with arsenic during the pre-
conditioning step that precedes stripping analysis, leading to formation of an 
intermetallic compound Cu3As2 and Cu metal on the electrode surface.[1] Since 
the stripping potential of Cu metal is close to that of As (0), a relatively high 
concentration of Cu (II) in solution could affect the analysis of As (III) leading to 
an incorrect determination [2]. Due to the excellent activity of platinum for 
catalytic oxidation, researchers have utilized platinum nanoparticles or platinum 
nanotubes for the detection of As (III) by using the anodic oxidation signal of 
As(III) to As (V), instead of striping analysis, due to these aforementioned 
problems [2a, 3]. It’s advantageous to detect As (III) by direct oxidation of As 
(III) to As (V) on Pt electrodes, since the signal comes at relatively more positive 
potential (at ~1 V), the interference by copper may thus be avoided [2b].                   
Prussian blue (PB, FeIII4[FeII(CN)6]3), consisting of Fe2+ and Fe3+ bridged with 
cyanide group, is a famous pigment used as early as in the eighteenth century. PB 
has now been used in many fields including electrocatalysis [4]. The mixed-
valent iron cyanide (PB) has been used for As (III) detection showing a linear 
calibration range of 50 nM – 300 µM and a detection limit of 25 nM [5]. Another 
Prussian blue analogue, mixed-valent ruthenium (III, II) cyanide, has also been 
successfully used for arsenite determination [6]. 
Synergistic effects of bimetallic or multiple compositions are often explored for 
better catalytic activity or electrochemical performance, which could result in the 
effect of 1+1>2. In this chapter, we have investigated the synergistic effects of 
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platinum and PB on arsenic (III) detection. PBPt composite and PB@Pt core-
shell cubes have been developed via a simple method. These two materials are 
compared with pure PB cubes and Pt nanoparticles (PtNPs). Consequently, it was 
shown that PB@Pt core-shell cubes exhibit the best electrochemical performance 
for Arsenic detection, showing little interference by Cu (II) under typical low 
concentrations expected in natural water. 
5.1.2 Research aims 
The main research aim of the chapter is to design and prepare a new class of 
composite material which is composed of Pt and PB, not only from the 
perspective of enhancing the sensitivity due to the synergistic effects of the two 
materials, but of improving the selectivity of As (III) detection in the presence of 
Cu (II) interference. The targeted materials, i.e. Pt and PB, were chosen because 
of the excellent selectivity of Pt and generally pleasing electroanalytical 
performance of PB, suggesting an interesting class of materials for As (III) 
detection may be developed. Based on the above research aim, two kinds of 
composite materials, PBPt composite, and PB@Pt core-shell cubes have been 
fabricated via a facile method. The electrochemical performances of composite 
materials were studied and compared with pure PB cubes and Pt nanoparticles 
(PtNPs).   
5.2 Experimental section 
5.2.1 Materials synthesis 
Synthesis of PB cubes 
PB cubes were prepared via a procedure based on previous literature [7]. Briefly, 
1.132 g polyvineypirrolydone (PVP) and 0.02 g K4Fe(CN)6 were dissolved in 10 
mL HCl (0.1 M). The mixture was stirred for 0.5 h to obtain a transparent 
solution.  The solution was transferred into an electric oven and kept at 80 °C for 
22.5 h. The obtained blue products were centrifuged and washed with Milli-Q 
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water and ethanol for 3 times and finally suspended in 5 mL ethanol for further 
use. 
Synthesis of PB@Pt core - shell structures 
500 µL of above as-prepared PB solution, 9.5 mg K2PtCl4, 26.3 mg KCl and 5 
mL Milli-Q water was mixed together for 1 minute and then the mixture was kept 
at 70 °C for 20 min. The obtained materials were centrifuged and washed with 
Milli-Q water.  
Synthesis of PBPt composite 
2.7 mg of PB cubes were dispersed in 1 mL ethanol to obtain a PB solution. 500 
µL of this PB solution was removed and pipetted into 8.8 mg K2PtCl4 in 3 mL 
Milli-Q water. The mixture was kept at 60 °C for 10 min. PBPt composite was 
obtained through several centrifuge-wash cycles. 
Synthesis of PtNPs 
PtNPs were prepared in a similar way, without the addition of PB cubes. 9.5 mg 
K2PtCl4 was dissolved in 500 µL ethanol and 5 mL water, and then kept at 70 °C 
for 10 min. The as-prepared grey black materials were washed via centrifugation.   
5.2.2 Instrumentation 
Scanning electron microscopy (SEM) images were collected on either a FEI 
Verios 460L or FEI Nova200 NanoSEM microscope. Transmission electron 
microscopy (TEM) images were collected on either a JEOL 1010 or JEOL 2100F 
TEM microscope. Selected area electron diffraction (SAED) patterns, dark field 
TEM and Energy-dispersive X-ray (EDX) mappings were analysed on a JEOL 
2100F TEM microscope with an Oxford XMax80 EDX Detector. 
Electrochemical measurements were performed on a CH Instruments (CHI 760C) 
electrochemical workstation. Modified glassy carbon (GC) electrode (working 
electrode), a platinum wire (counter electrode) and a Ag/AgCl (3 M NaCl, 021 V 
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vs SHE) reference electrode were used in a standard three-electrode 
configuration. The GC electrode was polished with 0.05 µm alumina paste to a 
mirror like surface prior to drop-casting PB cubes, PBPt composite, PB@Pt core-
shell cubes or PtNPs onto the surface. The modified GC electrodes were dried 
under room temperature and then covered with a layer of Nafion solution (0.5 wt 
%, 10 µL) before use. To investigate the hydrogen absorption/desorption on 
platinum materials, cyclic voltammetry (CV) was undertaken at 100 mV s−1 in 0.5 
M H2SO4. CV was also conducted in NaAc-HAc buffer solution at different pH 
values with and without As (III). Linear Scan Voltammetry (LSV) was used for 
oxidation of As (III) of different concentrations at a scan rate of 0.1 V/s in 0.1 M 
NaAc-HAc buffer solution (pH 3.4). Preconcentration has been proved as a facile 
method for sensitive As (III) detection in former chapters on Au-based electrodes. 
Similarly, to improve the sensitivity of the Pt-based electrode, As was 
preconcentrated first by predisposition at -0.1 V for 600 s, followed by the 
measurement from -0.4 to 1.3 V. In this way, As (III) was first reduced to As (0) 
on the electrodes surface in the predisposition step, and As (0) was then 
deoxidised to As (III) and further to As (V) in the following stripping step. 
Similarly to Au-based electrodes, it was noticed that preconcentration step can 
induce more deposition of the interfering ions such as Cu (II) on the Pt-based 
electrodes, however direct observation of As (III) to As (V) at higher oxidation 
potential on Pt-based electrodes wards off the interference effectively. Solutions 
were bubbled with N2 for 10 min before measurement with an N2 blanket over 
solution during measurement.     
5.3 Results and discussion 
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Figure 5.1. TEM images of Pt/PB obtained from 2.35 mM K2PtCl4 and 1.125 g/L PB cubes 
at 90 °C for 1 h in ethanol/water; the volume ratio of ethanol and water is 1:7 (a), 1:1 (b) 
and 3:1 (c), respectively. 
It was found that Pt nanoparticles (PtNPs) were formed and dispersed on PB 
cubes in the ethanol and water mixture, as shown in Figure 5.1. The ability of 
ethanol to act as a reducing agent has been used previously to yield Pt 
nanoparticles from H2PtCl6 [8]. Thus, we can contribute the formation of PtNPs 
to the reducing agent (ethanol) under these conditions. Figure 5.1a clearly shows 
the presence of PtNPs on the surface of PB cubes, coming from the reduction of 
platinum ions (e.g. Pt (II) or/and Pt (I)) by ethanol. Varying the ratio of ethanol 
and water results in different morphologies (Figure 5.1b, c), as increasing the ratio 
of ethanol triggers further platinum reduction due to the presence of a larger 
amount of reducing agent.  Increasing the reaction time induces a similar 
morphology when the ratio of ethanol was fixed (Figure 5.2). However, some 
agglomerations of platinum nanoparticles occurred at a higher ratio of ethanol 
after increasing the time to 18 h. 
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Figure 5.2. TEM images of Pt/PB obtained from 2.35 mM K2PtCl4 and 1.125 g/L PB cubes 
at 90 °C for 4 h (a, b) and 18 h (c, d, e) in ethanol/water; the volume ratio of ethanol and 
water is 1:7 (a, c), 1:1 (b, d) and 3:1 (e), respectively. 
After the confirmation of the reducing ability of ethanol and testing some 
experimental parameters, we could successfully obtain PBPt, PB@Pt and PtNPs, 
respectively. Figure 5.3a shows the TEM image of PBPt. It indicates PB cubes 
were decorated with smaller PtNPs. HRTEM images (Figure 5.3c, d) reveal these 
PtNPs were either crystalline or growing into polycrystalline. The lattice planes 
with the interlayer distances of 0.20 nm and 0.23 nm can be indexed to Pt (200) 
and Pt (111), respectively. The SAED pattern (Figure 5.3b) on the middle of a 
single PBPt cube (right side in Figure 5.3a) reveals the diffraction patterns of fcc 
PB cube, and can be indexed to PB (200), (220) and (420) planes. The dark field 
TEM image in Figure 5.3e shows the contrast of PB cubes and brighter PtNPs. 
Corresponding EDS mapping further confirms the successful decoration of PB 
cubes with PtNPs. 
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Figure 5.3. TEM image (a), SAED pattern (b), high resolution TEM images (c, d), dark 
field TEM images and corresponding EDS mapping (e) of PBPt.   
Figure 5.4a shows the TEM image of PB@Pt core-shell cubes. The PB cubes with 
a size of about 420 nm were well coated by a layer of Pt with the thickness of 60-
70 nm.  The SAED pattern of the Pt layer in Figure 5.4b reveals several rings, 
which could be assigned to different diffraction planes of platinum. HRTEM 
images in Figure 5.4c, and d clearly show the lattice facets of platinum layers, 
confirming the polycrystalline nature of the Pt. EDS mapping of one single 
PB@Pt cube in Figure 5.4e show the homogeneous presence of each element and 
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further confirms the core-shell structure. In PB@Pt cubes, besides the full coating 
of PB with PtNPs, additional PtNPs coming from the additional reduction of Pt2+ 
by ethanol also formed and attached to PB@Pt cubes. SEM images of pure PtNPs 
indicate that the spherical PtNPs with a size of about 70 nm were obtained. 
 
Figure 5.4. TEM image (a), SAED pattern (b), high resolution TEM images (c, d), and 
EDS mapping (e) of PB@Pt.   
Figure 5.5 shows the CVs of PBPt, PB@Pt and PtNPs in H2SO4. All CVs show 
the typical hydrogen adsorption / desorption features of platinum between -0.3 V 
~ 0.1 V (vs. Ag / AgCl), followed by the typical oxidation and reduction peaks of 
platinum between 0.3 V ~ 1.2 V (vs. Ag / AgCl). The electrochemical surface 
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area (ECSA) of each material could be estimated based on the charge associated 
with hydrogen desorption [9]. Specifically, H+ is reduced to H atom in the Pt 
surface after applying a negative potential in acid solution. Then the whole Pt 
surface is covered with numerous hydrogen atoms, which are generated with 
more negative potential, and the formation of H2 molecules occurs. The generated 
H2 molecules are adsorbed on the electrode, forming hydrogen bubbles, which 
then leave the Pt surface. The process is used for the estimation of ECSA, which 
is calculated from the equation:  𝐸𝐶𝑆𝐴 = 𝑄l ÷ 𝑄n 
Where 𝑄l (mC) is the charge for hydrogen adsorption/desorption on Pt surface, 
determined by integrating the voltammetric curves between the potentials where 
the hydrogen evolution occurs. 𝑄nis 0.21 (mC cm-2).[9] 
 
Figure 5.5. CVs of PBPt (a), PB@Pt (b), PtNPs (c) modified GC in 0.5 M H2SO4.  
PB@Pt modified GC was first used for optimization of the electrochemical 
parameters for arsenite measurements. Figure 5.6 shows the pH effect on arsenite 
measurements (9.9 ppm arsenite) in 0.1 M NaAc-HAc buffer solution. CVs of 
PB@Pt at all acidic electrolytes reveal the anodic stripping peaks of As (III) and 
As(V) at about 0.25 V and 0.95 V, respectively, along with the decrease of 
hydrogen desorption features after adding 9.9 ppm As(III). It also shows a trend 
the As stripping peaks decrease with the increase of pH, and there is almost no 
arsenic oxidation characteristic at pH 7.1. We thus chose pH 3.4 in the following 
experiments, with current values evaluated based on the anodic stripping peaks 
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of As (III) to As (V) at about 0.95 V.  The pre-deposition potential and deposition 
time were also varied for PB@Pt at 1 ppm As (III), as shown in Figure 5.7. The 
signal intensity at about 0.95 V had the highest value when the pre-deposition 
potential was set at about -0.1 V. Additionally, the As (V) stripping peaks increase 
with the increase of pre-deposition time but show a flattened trend when the time 
was higher than 600 s. In this way, a potential of -0.1 V and deposition time of 
600 s were selected in terms of time effeciency in the following studies.                  
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Figure 5.6. Cyclic voltammograms of PB@Pt composite modified GC in 0.1 M NaAc-HAc 
buffer solution at different pH values with (red line) and without (black line) 9.9 ppm As 
(III). Current vs. pH plots were evaluated based on anodic peaks of As (III) to As (V) at 
about 0.95 V under different pH.  
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Figure 5.7. Optimization experimental conditions; influence of a,b) deposition potential 
and c,d) deposition time on the LSV responses of PB@Pt composite modified GC at 1 
ppm As (III) in 0.1 M NaAc-HAc buffer solution at pH 3.4.  
Figure 5.8 shows the LSV responses of PBPt, PB@Pt, and PtNPs modified GC 
electrodes at various concentration of As (III) in 0.1 M NaAc-HAc buffer solution 
(pH 3.4). For all electrodes, the oxidation peak current was increased with the 
increasing concentration of As (III). Typically, two main oxidation features are 
observed at about 0.25 V and 0.95 V after the predeposition of As (III) to As (0) 
at -0.1 V. The first one could be assigned to the reoxidation of As (0) to As (III) 
and the second one at more positive potential is attributed to the further oxidation 
of As (III) to As (V).[3a] Here we just show the oxidation feature of As (III) to 
As (V) at the more positive potential. The corresponding calibration curve of 
oxidation current density vs. concentration of As (III) is also shown in Figure 
5.8b, d, f. All samples show flattened plots at higher concentrations due to a 
saturation effect of arsenic on the electrodes. The sensitivity of PBPt, PB@Pt, 
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and PtNPs modified GC electrode was estimated to be 0.013, 0.045, and 0.025 
µA cm-2 ppb-1, respectively, based on the results at a low concentration of As 
(III). Similarly, figure 5.9 shows the LSV responses of PB decorated GC, which 
indicates less activity towards arsenic sensing on pure PB decorated GC 
electrode. Thus, the electrochemical performances on PB were excluded in the 
following comparisons. Comparisons of sensitivity and limit of detection (LoD, 
S/N=3) for As (III) detection at PBPt, PB@Pt, and PtNPs modified GC electrode 
was shown in Figure 5.10a. It clearly shows PB@Pt obtains the best 
determination performance with best resolution on the LSV plots, highest 
sensitivity and lowest LoD of 1.2 ppb, which is much lower than the level set by 
WHO (10 ppb) in natural waters. 
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Figure 5.8. LSV responses of a) PBPt; b) PB@Pt composites; c) PtNPs decorated GC 
toward As (III) at different concentrations in 0.1 M NaAc-HAc buffer solution (pH 3.4). 
The dashed line refers to the baseline. b, d, f) Corresponding calibration curves of current 
density vs. concentration of As (III) for PBPt, PB@Pt composites and PtNPs decorated 
GC. Inset: calibration curves under low concentrations of As (III). LSV conditions: 
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preconditioning potential, -0.1 V; preconditioning time, 600 s; initial potential, -0.4 V; 
final potential, 1.3 V; Scan rate, 0.1 V/s. 
 
Figure 5.9. LSV responses of PB decorated GC toward As (III) at different 
concentrations in 0.1 M NaAc-HAc buffer solution (pH 3.4). The dashed line refers to 
the baseline. Conditions were the same as in Figure 5.8. 
To further evaluate the feasibility of PB@Pt as a sensing material, interference 
studies were undertaken. Among all the possible interference metal ions, Cu (II) 
is ubiquitous and most likely to influence arsenic detection. Therefore, we carried 
out LSV experiments of Cu (II) species under the same conditions as As 
detection. Figure 5.10b shows LSV responses at different concentrations of Cu 
(II) at the PB@Pt modified GCE in 0.1 M NaAc-HAc buffer solution (pH 3.4) 
containing 679.80 ppb As (III). The grey dashed line indicates the blank solution. 
After adding 679.80 ppb As (III), two main oxidation peaks at about 0.25 V and 
0.95 V occur, along with the huge decrease in the hydrogen desorption area. It 
reveals that the material surface is covered with As (0) upon the preconditioning 
of As (III) soluiton, thus effective Pt surface for hydrogen adsorption/desorption 
is hugely reduced, leading to the decrease of the hydrogen evolution area. 
Visually, less hydrogen bubbles could be produced. The peak current at 0.32 V 
increased with the addition of Cu (II) and meanwhile the peak current at 0.95 V 
decreased. However, a low concentration of Cu (II) has little influence of As 
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oxidation. For example, after adding 377.21 ppb Cu (II), the oxidation peak 
current density of As (III) to As (V) decreased by just 1.5 %. When the 
concentration of Cu (II) increased to 7.6 ppm, another oxidation peak at about 0.2 
V appears. We could conclude both peaks at 0.32 V and 0.2 V are related to 
copper, coming from intermetallic compound Cu3As2 and Cu metal.[1] The fact 
demonstrates Cu (II) under low concentration has no/little interference to the 
oxidation As (III) at PB@Pt.   
 
Figure 5.10. a) Comparisons of sensitivity and LoD for As (III) detection at PBPt, PB@Pt, 
and PtNPs modified GC electrodes.  b) LSV responses of Cu (II) additions to 679.80 ppb 
As (III) on Pt@PB composite decorated GC in 0.1 M NaAc-HAc buffer solution (pH 3.4). 
The dashed line refers to the baseline. c) Calibration curves of current density vs. 
concentration of Cu (II) for Pt@PB composites decorated GC. Black: the anodic peaks at 
about 0.95 V; Red: the anodic peaks at about 0.32 V. LSV conditions: preconditioning 
potential, -0.1 V; preconditioning time, 600 s; initial potential, -0.4 V; final potential, 1.3 
V; Scan rate, 0.1 V/s. 
5.4 Conclusions 
Presented in this chapter is a study on the electrochemical As (III) detection using 
Pt and PB composite materials. The aim of the research is to study whether the 
composite materials are able to improve the electrochemical performance, 
especially from a perspective of selectivity and sensitivity. The preparation 
method of the composite materials is a facile solution-based method, and the 
formation of composite materials is based on the decoration of PtNPs on the 
surface of PB nanocubes.  
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In ethanol/water mixture, Pt metal nanoparticles could be obtained due to the 
ability of ethanol to act as a reducing agent. After careful investigation of 
experimental parameters, two different structures, PBPt composite and PB@Pt 
core-shell cubes were prepared. These two materials were compared with pure 
PtNPs towards electrochemical detection of As (III) through the oxidation of As 
(III) to As (V). It shows PB@Pt obtains the best electrochemical performance 
with highest sensitivity of 0.045 µA cm-2 ppb-1 and LoD of 1.2 ppb, which is much 
lower than the recommended limit by WHO for drinkable water (10 ppb). PB-
based Pt composite (PB@Pt core-shell cubes) gives better electrochemical 
performance than typical pure PtNPs. Moreover, studying of Cu (II) interference 
at PB@Pt indicate low concentration of Cu (II) (less than 377.21 ppb) shows little 
interference of oxidation of As (III) to As (V).  
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Chapter 6 
 
 
 
 
 
 
 
 
 
 
 
Electrochemical H2O2 Reduction on 
AuCN/Prussian Blue Nanocubes and 
Decorated MoS2 Flakes   
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6.1 Introduction 
6.1.1 Electrochemical H2O2 reduction 
Hydrogen peroxide (H2O2), as one of the most important reactive oxygen species 
(ROS), plays a vital role in various biological processes, such as regulating DNA 
damage, cell apoptosis and protein synthesis.[1] It is essentially important to keep 
H2O2 balanced since a variety of pathological events occur if excess H2O2 
accumulates in cells, leading to various diseases such as neurodegeneration, 
Alzheimer’s disease, and cancer.[1a, 1b] Therefore, developing approaches 
which accurately monitor  H2O2 levels is of great importance in biology and 
biomedicine.[1a, 2] Electrochemical biosensors have attracted great interest in 
the past due to the sensitivity, fast response times, simple preparation and low 
costs in comparison with other analytical methods.[1b] There are a variety of 
electrochemical H2O2 sensors that  have been developed up to now and a number 
of them involve the use of enzymes. Although there has been success with low 
detection limits and good selectivity using enzyme-based biosensors where 
enzymes are immobilised on the electrodes, there is a continued interest in 
developing non-enzymatic sensors, due to the high cost, complicated preparation 
processes and instability of enzyme-based sensors.[3] 
Prussian Blue (PB) is a Metal Organic Framework (MOF) based upon ferric and 
ferrocyanide, often represented by the general structure (FeIII4[FeII(CN)6]3) with 
iron (III) coordinated to nitrogen and iron (II) coordinated to the carbon atom of 
the cyanide bridging ligand.[4] PB is a material of enduring interest, finding 
applications in energy (batteries and fuel cells), water treatment, catalysis, and 
biomedical fields, due to its electrochemical[5] and physicochemical 
properties.[6] In the context of electrochemical sensing,[7] Prussian blue is often 
referred to as an artificial peroxidase, as it displays good selectivity for H2O2 
sensing at a relatively low applied potential in the presence of O2.[8]  Recently, 
to further improve the performance of PB, a range of studies on PB-based 
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composites have been reported which are particularly aimed at improving the 
stability of the catalytically active reduced form of PB, Prussian White 
(FeII4[FeII(CN)6]3), which tends to decompose in aqueous solution during 
catalysis or sensing.[9] For example, reduced graphene oxide (rGO), PB, and 
platinum were combined, exhibiting synergistic electrocatalytic activity towards 
methanol oxidation [6d]. Also, PB/rGO nanocomposites were prepared via 
simultaneous reduction of GO and deposition of PB nanocubes,[10] and PB 
nanocubes have been grown on the surface of graphene oxide, with the resulting 
composite electrochemically reduced to obtain PB/rGO, which demonstrated 
pleasing performance for H2O2 sensing.[11] PB has also been encapsulated inside 
porous metal-organic-frameworks (MOF) MIL-101 (Cr) and the composites 
possess potential for drug screening. [12] 
In terms of Au based composites of PB, the reactivity of gold (III) with Fe-CN 
species has been studied. For example the reaction[13] between gold (III) 
chloride and potassium hexacyanoferrate (II) produced an AuI complex 
KFex[Au(CN)2]y. The nanocomposite (Au-PB)nano was directly electrodeposited 
in one-step, and showed improved electrocatalytic activity towards H2O2 
reduction[14]. A Prussian blue-gold (I) material was also obtained by adding 
HAuCl4 to potassium ferricyanide, followed by heating.[15] This as-prepared PB- 
gold (I) material showed enhanced catalytic properties for electrochemical H2O2 
reduction compared to PB. AuICN is a very stable compound with a high stability 
constant, and not easily accessed without the use of free cyanide as a reagent, 
despite having interesting properties itself, such as catalytic performance in 
certain C-C bond formation reactions.[16] 
Due to the unique chemical composition PB, and the ordered structure of PB 
nanocubes, it was thus postulated in this thesis that PB cubes could be used as a 
sacrificial template for galvanic replacement processes. During galvanic 
replacement the iron (II) component of PB could be oxidized to iron (III)  (0.36 
V vs. SHE for Fe(CN)63–/4– pair)[17] by a noble metal ion species in solution with 
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a higher reduction potential, such as AuCl4– (E0 is above 1.0 V for reduction of 
AuIIICl4– to either gold (I) or gold (0) species).[18] Subsequent cycling of the 
material on the surface of an electrode should be able to control the oxidation 
states of the Fe centres in the PB after the new material is obtained, to generate 
the catalytically active form of PB. The process is similar to galvanic replacement 
of a metal or an oxide by a noble species in solution which has been used to form 
ornately decorated, hollow, alloy or core-shell nanostructures.[18-19] There are 
limited reports of galvanic replacement between dissolved metal ions and MOF 
materials, and none with PB to the best of our knowledge. The advantage of using 
this method is that the solution soluble metal ions can be reduced without any 
additional reducing reagents, with homogeneous dispersion of the noble metal on 
the surface of the sacrificial template. Furthermore, the surface porosity and 
surface area of the substrate, in this case a Prussian Blue MOF, may vary during 
the galvanic replacement process, which is of importance in some of the diverse 
applications that this class of materials has been used, as intercalation of counter 
ions into the PB lattice often play a key role.[20] 
Nanomaterials, including noble metals, metal oxides, and carbon nanomaterials, 
have exhibited extraordinary peroxidase mimetic capability.[21] Among them, 
noble bimetallic alloys have shown incomparable electrocatalytic properties, 
including excellent sensitivity, selectivity and stability.[22] For example, recently 
Au-Pt bimetallic nanoparticles were electrodeposited on MoS2 nanoflowers, 
which showed excellent catalytic activity to detect H2O2.[23] MoS2 nanosheets 
supporting Au-Pd bimetallic nanoparticles were prepared by a co-reduction 
method, leading to good electrocatalytic activities towards H2O2 reduction.[24] 
Real-time detection of H2O2 has been undertaken by using Au-Ag bimetallic 
nanoparticles on single-walled carbon nanotubes electrodes.[25] Core-shell 
nanostructures, as one analogue of bimetallic alloys, have unique catalytic 
activities and better resistance to deactivation.[26] Pt@Au core-shell structures 
prepared by utilizing a Cu under-potential deposition (UPD) technique combined 
161 
 
with galvanic replacement have drawn much attention for methanol oxidation, 
formic acid oxidation, the oxygen reduction reaction (ORR), and hydrogen 
peroxide reduction.[26-27] The preparation methods involve Cu UPD on Au 
followed by galvanic replacement of Cu shell with a Pt monolayer. In 
consideration of the outstanding electroactivity of Pt@Au structures, including 
higher sensitivity and lower redox overvoltage,[1c, 28] Pt@Au core-shell 
structures are also considered to be a promising candidate for hydrogen peroxide 
reduction. 
On the other hand, molybdenum disulphide (MoS2), which has a similar structure 
to graphene, has also attracted considerable interest for H2O2 reduction, owing to 
its good stability and electrocatalytic activity.[29] MoS2 has been used as a 
support for multiple nanomaterials, and has been proven to improve catalytic 
activity and stability.[24, 29b, 30] Inspired by these recent works, in this thesis 
hybrid sensors have been prepared, consisting of MoS2 supporting Pt@Au core-
shell structures and MoS2 supporting AuCN/PB composites and tested for activity 
and stability for H2O2 reduction. 
6.1.2 Research aims 
The aim of this chapter is to investigate the electroreduction activity towards 
H2O2 of some newly designed composite materials. These composite materials 
were prepared not only to improve the electrochemical activity of H2O2 reduction, 
but from the perspective of enhancing the stability of the electrode materials. The 
chapter contains two parts, and each part involves one class of materials which 
were designed and prepared to reduce H2O2 electrochemically.  
In the first part of the chapter, we demonstrate that HAuIIICl4 can be reduced to 
AuICN on the surface of PB cubes, and that this AuICN stabilises the surface of 
PB and alters the physical properties, while maintaining the peroxidase-like 
sensing activity. The resulting AuCN/PB composite was tested for 
electrochemical stability by undertaking H2O2 sensing, allowing direct 
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demonstration of the improved stability and performance of the composite 
compared to its parent material, as shown in Scheme 6.1.  
 
Scheme 6.1. Schematic preparation of AuCN/PB nanocube composite. 
In the second part, two preparation routes (shown in Scheme 6.2) have been 
realized on a MoS2 modified Au electrode. The first method entails the 
electrodeposition of Au nanoparticles (AuNPs) on MoS2 modified Au electrode 
first, then a Cu UPD/galvanic replacement method was used to form a monolayer 
of Pt coated AuNPs with a core-shell structure (denoted as Pt@AuNPs/MoS2 
modified Au electrode). The second approach involves PB/MoS2 formation first 
through electrodeposition of a PB thin film on a MoS2 modified Au electrode, 
and galvanic replacement between PB and Au3+ to obtain a AuCN/PB/MoS2 
modified Au electrode. Both products were finally tested as non-enzymatic H2O2 
sensors, with high sensitivity, selectivity and stability.  
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Scheme 6.2. Schematic preparation of Pt@AuNPs/MoS2 modified Au electrode (upper 
line) and AuCN/PB/MoS2 modified Au electrode (lower line) and illustration of these 
electrodes for H2O2 sensing. 
6.2 Experimental Section 
6.2.1 Chemicals 
Gold (III) chloride trihydrate (HAuCl4·3H2O), polyvinylpyrrolidone (PVP, 
MW=40000), K4Fe(CN)6, K2PtCl4, CuSO4, KCl, K3[Fe(CN)6], FeCl3, N-nethyl-
2-pyrrolidone (NMP), MoS2 powders, L-ascorbic acid (AA), dopamine 
hydrochloride (DA), and L-glucose (GLU) were all purchased from Sigma 
Aldrich. H2O2 (30%) and uric acid (UA) were purchased from BDH Chemicals. 
All chemicals were used as received. Milli-Q (18 MΩ cm-1) deionized water 
was used throughout the chapter. 
6.2.2 Materials synthesis 
PB cubes were synthesized based on previous literature.[31] Typically, 3.8 g 
polyvineypirrolydone (PVP, MW=40000) and 0.11 g K4Fe(CN)6 were dissolved 
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in 50mL HCl (0.1 M). The mixture was then stirred for 0.5 h until becoming a 
transparent solution. The clear solution was kept at 80 °C for 24 h in an electric 
oven. The obtained blue material was centrifuged and washed with Milli-Q water 
several times and dried at room temperature. AuCN/PB was prepared via a one-
step method. PB cubes (4.5 mg) was dispersed and sonicated in Milli-Q water for 
5 min. HAuCl4 was added dropwise into PB at 80 °C with stirring until the final 
concentration of HAuCl4 was 1.33 mM and the final volume of water was 4 mL. 
The solution was kept at 80 °C for 1h under stirring. The as-prepared dark green 
products were collected by several centrifuge-wash cycles with Milli-Q water.    
MoS2 nanoflakes were prepared following the literature.[32] Briefly, A mixture 
of MoS2 powders (1 g) and NMP (0.5 mL) were ground for 30 min, followed by 
a vacuum-dry overnight. 10 mL of NMP solvent was used again to redisperse 
the MoS2 powders and the solution was probe-sonicated for 90 min and 
centrifugation was used to collect the supernatant liquid containing ultrathin 
MoS2 nanoflakes. 2 µL of the obtained MoS2 nanoflakes were drop-casted onto 
a Au substrate and dried. Au substrate was prepared by e-beam evaporation of 
150 nm Au thin film on a Si wafer with a 10 nm Ti film as intermediate layer. 
Kapton tape was used afterwards as a cover of the Au substrate with an exposed 
electrode surface area of 0.07 cm2.  
AuNPs were electrodeposited on MoS2 modified Au electrodes via cyclic 
voltammetry (CV) with a 10 mM HAuCl4 solution from 0.8 to 0 V for 10 cycles 
at a scan rate of 100 mV s-1. The obtained electrode was denoted as the 
AuNPs/MoS2 modified Au electrode. The Cu UPD process was carried out by 
electrodeposition at 0 V for 120 s in 0.1 M H2SO4+1 mM CuSO4. Then the 
obtained electrode was rinsed with water and dried under an N2 flow, followed 
by soaking in a solution containing 5 mM K2PtCl4 and 0.1 M H2SO4 for 20 min 
to complete the galvanic replacement. The electrode was denoted as the 
Pt@AuNPs/MoS2 modified Au electrode. 
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A PB thin layer was first prepared on a MoS2 modified Au electrode by holding 
the potential at 0.4 V for 40 s in a solution of 2 mM K3[Fe(CN)6] and 2 mM 
FeCl3 in 0.1 M KCl and 0.01 M HCl.[33] The obtained PB/MoS2 modified Au 
electrode was transferred into 1 mM HAuCl4 solution and kept for 5 min at 60 
°C, which was denoted as the AuCN/PB/MoS2 modified Au electrode. 
6.2.3 Characterization 
Scanning electron microscopy (SEM) images were acquired on a FEI Verios 
460L SEM at a working distance of 4 mm and a voltage of 5 kV. Energy-
dispersive X-ray (EDX) and elemental mapping were undertaken using an Oxford 
XMax20 EDX Detector, and backscatter SEM images were obtained using a 
retractable solid-state backscatter electron (BSE) detector. Transmission electron 
microscopy (TEM) and high resolution transmission electron microscopy 
(HRTEM) measurements were performed on a JEOL 1010 TEM and JEOL 2010 
TEM microscopes respectively. X-ray diffraction (XRD) patterns were obtained 
with a Bruker-axs D4 Endeavour X-ray diffractometer using Cu Kα radiation 
(λ=1.5406Å).  Fourier transform infrared (FTIR) spectra were recorded on a 
PerkinElmer Frontier FT-IR spectrometer. Raman investigations were 
undertaken using a PerkinElmer 400F Raman spectrometer with a 785 nm laser. 
Nitrogen sorption isotherms were conducted at 77K on a Micromeritics (ASAP 
2400) analyser. The specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) method and the pore volume and pore size distribution 
were calculated from the nitrogen desorption branch using the Barrett-Joyner-
Halenda (BJH) method. X-ray photoelectron spectroscopy (XPS) measurements 
were performed on a Thermo Scientific K-Alpha X-ray photoelectron 
spectrometer using a monochromated Al Kα X-ray source (Ephoton = 1486.7 eV) 
and the C 1s peak at 284.6 eV was used as an internal standard. 
6.2.4 Electrochemical testing 
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Electrochemical analysis was undertaken using a CH Instruments (CHI 760C) 
electrochemical workstation with a standard three-electrode configuration. For 
the first class of materials, PB and AuCN/Prussian Blue Nanocubes modified 
electrode, a rotating glassy carbon disk electrode modified with either PB or 
AuCN/PB was used as the working electrode, a platinum wire as the auxiliary 
electrode and a Ag/AgCl (3 M NaCl, 0.198 V vs. SHE) electrode as the reference 
electrode. The cyclic voltammetry and amperometric i-t plots were recorded in 
0.1 M PBS buffer (pH 6) solution and 0.1 M KCl with a rotating rate of 1000 
rpm. To prepare the working electrode, the rotating glassy carbon disk electrode 
was polished with 0.05 µm alumina slurry followed by sonication in Milli-Q 
water for 10 min. PB or AuCN/PB composite was dispersed in H2O, and then the 
slurry of PB or AuCN/PB (5 µL) was drop cast onto the rotating glassy carbon 
disk electrode, then left to dry at room temperature. This modified working 
electrode was covered by 5 µL of 0.5 wt. % nafion solution afterwards. Cyclic 
voltammetry was undertaken at a scan rate of 100 mV s–1, from –0.5 V to 0.7 V 
(vs. Ag/AgCl). Amperometric i-t curves were undertaken at a working electrode 
potential of –0.15 V (vs. Ag/AgCl) with successive additions of H2O2. For MoS2 
based electrodes, the working electrode was prepared following section 6.2.2 and 
used directly. Briefly, MoS2 nanoflakes were drop-casted onto a Au substrate, 
followed by the electrodeposition of either noble metals or PB composite to get 
Pt@AuNPs/MoS2 modified Au electrode, or AuCN/PB/MoS2 modified Au 
electrode, respectively. There is no straightforward way to precisely determine 
the Electrochemical Surface Area (ECSA) of these materials on a glassy carbon 
substrate, however a reasonable estimate of the ECSA was obtained from 
voltammetry in ferrocyanide solution based on Randles-Sevcik equation 
assuming a diffusion coefficient of 6.5×10–6 cm2 s–1.[34] (in 2 mM K3Fe(CN)6 
and 0.5 M KNO3 solution at different scan rates). 
6.3 Results and discussion 
6.3.1 AuCN/PB nanocubes composite 
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PB cubes with an average size of 420 nm and uniform size distribution were 
obtained, and Figure 6.1a shows an example of one cube with the corresponding 
selected-area electron diffraction (SAED) pattern confirming crystallinity. When 
the PB cubes were treated with HAuCl4, the colour of the suspension turned from 
blue to dark green. SEM images show uniform growths emerging on the surface 
of the PB cubes (Figure 6.1d, e). High resolution TEM (Figure 6.1f) revealed 
these growths to be AuCN clusters with a size of 2-3 nm (white circles in Figure 
6.1f). The lattice fringes (0.5 nm) of the grains conform to the (001) plane of 
AuCN (Figure 6.1f). The inset SAED pattern confirmed the polycrystalline 
characteristics of the AuCN/PB composite. The SEM and TEM images (Figure 
6.1d, e, h) also showed some larger AuCN growths, indicating AuCN can grow 
further into larger assemblies, with the size of these larger AuCN growths 
reaching up to 30 nm. EDX elemental mapping (Figure 6.1g) confirms the 
homogeneous distribution of gold on the surface of the PB cubes. Reaction time 
for the synthesis of the composite were varied as shown in Figure 6.1. Figure 6.1 
compares the morphology of AuCN/PB of a shorter reaction time of 10 min 
(Figure 6.1a-c) with a longer time to 1 hour (Figure 6.1d-f). AuCN/PB cubes have 
been obtained with similar morphologies but with less gold cyanide growth on 
top of the PB cubes at the shorter reaction time. In this chapter, further 
characterisation of AuCN/PB nanocubes was undertaken on the composite 
prepared under the following conditions: 80 oC, 1 hour, 1.33 mM AuCl4–. 
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Figure 6.1. a) TEM image of PB cube. b) TEM and c) SEM backscatter images of 
AuCN/PB after 10 min reaction time. d) SEM, e) Backscatter SEM, f) HRTEM, g) EDX 
elemental mapping and h) TEM images of AuCN/PB cubes at 1 hour reaction time. SAED 
patterns (a,f) inset, Scale bar: 2 1/nm. 
The crystal structure and phase purity of AuCN/PB were confirmed by X-ray 
diffraction (XRD) (Figure 6.2a). All diffraction peaks of PB fit well with the 
standard diffraction of face-centered-cubic (fcc) FeIII4[FeII(CN)6]3 (JCPDS card 
no. 73-0687). No other peaks are observed from any impurity. After reaction with 
HAuCl4, another diffraction peak at 47.4° assigned to the (102) plane of AuCN 
could be detected. In addition, the intensity of the diffraction peak at 30.6° 
increases dramatically. The detected peaks are thus in accordance with standard 
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diffraction of AuCN (JCPDS card no. 11-0307). This result indicates AuIII has 
been reduced to AuI and that AuCN has been formed with the cyanide in the PB 
cubes. Figure 6.2b shows the FTIR absorption spectra of PB and AuCN/PB. The 
strong absorption band at 2070 cm–1 is characteristic of PB, attributed to the 
stretching vibration of the CN group.[35] The peaks at 3252 cm–1 and 1600 cm–1 
can be assigned to O-H stretch and H-O-H bend, respectively.[35a] The sharp 
bands at 495 cm–1 and 603 cm–1 indicate the presence of [FeII-CN-FeIII] structures, 
attributed to Fe-C-N-Fe bending and Fe-C-N stretching modes in PB.[35a, 36] 
The band at 1414 cm−1 is due to the C-N bending vibration in PB.[37] With the 
addition of HAuCl4, two additional peaks at 435 cm−1 and 2169 cm−1 can be 
detected. The former one can be ascribed to an Au-C stretching vibration.[38] 
The latter one comes from the CN band splitting upon oxidation, which indicates 
strong cyanide bridging between two equivalent iron (III) ions within the Fe-C-
N-Fe units of FeIII[FeIII(CN)6].[35a] Both peaks suggest the formation of AuCN 
along with the concomitant oxidation of PB, as expected in a galvanic 
replacement process where the noble metal salt is reduced, and the PB template 
is partially oxidised. The Raman spectra of PB and AuCN/PB are shown in Figure 
6.2c. Both spectra display four characteristic bands at 2148 cm−1, 2095 cm−1, 540 
cm–1, and 270 cm−1. The former two peaks are attributed to the stretching modes 
of the CºN functional group.[39] The 540 cm−1 band represents Fe-C/Au-C 
stretching vibrations.[40] Another band at 270 cm−1 is expected due to 
deformation vibrations of Fe-CN/Au-CN,[41] but this peak is weak and is thus 
not easily seen on these spectra.  
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Figure 6.2. a) XRD patterns, b) FTIR spectra, c) Raman spectra, d) N2 adsorption (filled 
symbols) and desorption (open symbols) isotherms, e) BET surface area plots and f) Pore 
size distribution plots of PB (blue) and AuCN/PB (olive).  
Nitrogen adsorption-desorption isotherms measured at 77 K are displayed in 
Figure 6.2d. BET (Brunauer-Emmett-Teller) surface area equation plots (in the 
range of P/P0=0-0.2) are shown in Figure 6.2e. Pore size distributions (Figure 
6.2f) were calculated from the N2 desorption branch using the Barrett-Joyner-
Halenda (BJH) method. The BET surface increased to 41.5 m2 g–1 (AuCN/PB) 
from 19.5 m2 g–1 (PB) due to the effect of the galvanic replacement process 
imposing a higher roughness onto the surface, as the PB acts as a sacrificial 
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template. BJH desorption average pore widths of PB and AuCN/PB are 13.4 nm 
and 8.3 nm respectively, with both materials showing mesopores. In addition, the 
AuCN/PB composite displayed a larger pore volume of 0.11 cm3 g–1, compared 
with PB of 0.03 cm3 g–1. These results indicate that larger surface areas and pore 
volumes, but smaller surface pore sizes, were obtained after PB was converted 
into AuCN/PB, presumably due to the growth of AuCN blocking the surface 
pores of the PB substrate and an increase in the roughness of the sacrificial 
template.  
 
Figure 6.3. a) Survey and Au 4f (inset) XPS spectra of PB (blue) and AuCN/PB (olive). c) 
Fe 2p XPS spectrum of PB. b) Au 4f and d) Fe 2p XPS spectra of AuCN/PB.   
XPS measurements were conducted to probe the surface chemistry of the 
AuCN/PB composite. The survey spectra of PB and AuCN/PB (Figure 6.3a) 
show the presence of C, N, O, and Fe elements in both materials. In addition, 
AuCN/PB also showed two clear Au 4f peaks (Figure 6.3a inset). The Au 4f 
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spectrum of AuCN/PB in Figure 6.3b consists of two individual peaks at 84.8 eV 
and 88.7 eV, representing Au 4f7/2 and Au 4f5/2 respectively. The Au 4f XPS 
binding energies show a red-shift compared to Au nanoparticles,[16] due to the 
gold (I) oxidation state in AuCN. Fe 2p XPS spectra of PB and AuCN / PB are 
shown in Figure 6.3c and 6.3d respectively. Two peaks at 708.3 and 721.4 eV for 
PB are assigned to Fe 2p3/2 and Fe 2p1/2 respectively, representing the FeII in 
FeIII4[FeII(CN)6]3. Another satellite peak at 712.2 eV (Fe 2p3/2) is characteristic of 
the FeIII in FeIII4[FeII(CN)6]3.[42] A similar XPS spectrum in Figure 6.3d indicates 
the mixed oxidation states of iron in AuCN/PB, and shows that partial oxidation 
of the PB has occurred, without complete conversion to the Prussian Yellow 
“FeIII-FeIII” material, in which all of the iron (II) would have been oxidised to 
iron (III). The peak intensity at 711.6 eV becomes much stronger relative to the 
peak at 708.0 eV when compared with the PB starting material. In fact, the ratio 
of areas at FeIII and FeII increases dramatically to 2.86 in AuCN/PB from 0.39 of 
PB, indicating a significant increase in surface FeIII in AuCN/PB. This result 
confirms PB was partially oxidised, with the reduction of AuIII to AuI after the 
addition of HAuCl4 to PB in a galvanic replacement process. We have still 
designated the material as a PB composite in this paper, although the material has 
been partially oxidised, it can be considered to sit between PB and Prussian 
Yellow which is the totally oxidised material, and is cycled through these 
designations under electrode potential. 
Redox processes of PB materials are complicated and still under study,[43] 
however based on the above results, the galvanic replacement Reaction (1) on the 
surface of the cubes between PB and HAuCl4 for the formation of AuCN/PB 
composite can be proposed based upon previous studies of PB redox processes: 
HAuIIICl4  +  Fe4III[FeII(CN)6]3 ® [AuICN]/Fe4III[FeIII(CN)6]3Cl3 + HCl    (1) 
Reaction (1) is schematic, and not a balanced chemical equation, as the reaction 
is incomplete, confined to the surface, and soluble products cannot be identified. 
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As the surface area of the cubes increased, it is assumed that that some FeIII is 
dissolved to solution from the surface during the reaction. XPS has shown that 
there is not complete conversion to the “FeIIIFeIII” species, and we can postulate 
that the Reaction (1) is surface confined, similar to other mechanisms proposed 
for galvanic replacement of metals in the presence of a noble species in 
solution.[18] 
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Figure 6.4. a) Cyclic voltammograms of PB and b) AuCN/PB in the absence of H2O2 
(dash) and in the presence of 1 mM H2O2 (line). All curves were measured in 0.1 M PBS 
(pH 6) solution with 0.1 M KCl at a scan rate of 100 mV s–1. c) Amperometric responses 
of PB (blue) and AuCN/PB (olive) in 0.1 M PBS (pH 6) solution with 0.1 M KCl at –0.15 V 
(vs. Ag/AgCl).  
PB has been denoted as an artificial peroxidase and widely investigated as a 
hydrogen peroxide transducer.[44] To investigate the properties of AuCN/PB 
composite, it was compared directly with PB cubes for H2O2 detection under 
identical conditions, which is a useful model reaction to give insight into the 
stability and performance of the composite. The porous nature of PB and its 
analogues allows analytes such as H2O2 to penetrate the porous lattice, while 
particularly large molecules that may interfere, such as glucose, can be excluded. 
In the presence of a cation such as K+, as we have utilised in these studies, changes 
in charge can be adjusted for via intercalation of the cation. Studies have 
suggested that Fe in the +2 oxidation state is the active catalyst for the H2O2 
reduction, and thus Equation (2) which represents the ideal reduction of H2O2 is 
catalysed by (3), which represents the Fe centres in either PB or the AuCN/PB 
composite. The PB or AuCN/PB material is held at an electrode potential (-0.15 
V vs. Ag/AgCl) that favours reduction towards the “FeIIFeII” (FeII4[FeII(CN)6]3) 
state and reduction of the H2O2 returns the MOF to the “FeIIIFeII” PB form 
(Equation 3).  
 2H2O2  + 4e-  + 4H+   ® 4H2O       (2) 
 K4FeII4[FeII(CN)6]3   ®  FeIII4[FeII(CN)6]3 + 4e- + 4K+    (3) 
 Prussian White  Prussian Blue 
Cyclic voltammetry (CV) measurements in 0.1 M PBS (pH 6) solution with 0.1 
M KCl are shown in Figure 6.4a and b. Both materials show a redox response at 
around 0 V vs. Ag/AgCl in the absence of H2O2, and responses to H2O2 after the 
175 
 
addition of 1 mM H2O2. An amperometric curve in the absence of H2O2 at an 
applied potential of –0.15 V (Figure 6.4c) shows that the composite reaches a 
stable current more quickly. Amperometric responses (Figure 6.5a, b) at an 
applied potential of –0.15 V (vs. Ag/AgCl) show the current increases with 
successive additions of H2O2 indicating that the electrocatalytic activity is 
maintained on the AuCN/PB composite, and current density is not significantly 
perturbed by the AuCN growths on the surface of the PB cube. The currents are 
normalized to an estimated Electrochemical Surface Area (ECSA). We should 
mention that in this work extensive optimisation of conditions to achieve a lower 
limit of detection and wider detection range for this particular analyte were not 
pursued. For example, the choice of applied potential at the working electrode, 
the choice of electrolytes at different pH and different electrochemically active 
surface areas (ECSA) would all influence these parameters. We wished to directly 
compare the two materials under commonly used sensing conditions, where PB 
is generally capable of limits of detection within an order of magnitude of 1 
µM.[45] Stable amperometric responses and fast response time of 1-2 s are 
observed with the addition of H2O2 to AuCN/PB (Figure 6.5e). The 
corresponding calibration plot shown in Figure 6.5d shows a good linear 
correlation (R2=0.996) over the concentration range from 1-280 µM with a 
sensitivity of 0.0801 µA cm–2 µM–1. The limit of detection was calculated to be 
0.5 µM (S/N=3). The sensitivity of AuCN/PB (0.0801 µA cm–2 µM–1) is higher 
than that of PB (0.0487 µA cm–2 µM–1) and limit of detection of AuCN/PB is 
lower than PB (1.04 µM). The results indicate the electrochemical performance 
in regard to sensitivity and limit detection is superior for the composite. 
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Figure 6.5. a, b) Amperometric i-t curves of PB (blue) and AuCN/PB (olive) at an applied 
potential of –0.15 V (vs. Ag/AgCl) with successive injection additions of H2O2. The 
starting concentration is 1 µM. c, d) Corresponding correlation of current density with 
the concentration of H2O2 of PB (blue) and AuCN/PB (olive). e) Enlarged amperometric 
i-t curves between 1350-1650 s and f) Calibration plots in the small concentration range 
of H2O2. All curves were measured in 0.1 M PBS (pH 6) solution with 0.1 M KCl.   
We can assume that the most important aspect of the sensing is the higher stability 
of the composite, and Figure 6.5e and 6.5f demonstrate this. In Figure 6.5e, the 
current density is seen to be more stable (flatter profile on i-t curve) for the 
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AuCN/PB composite than PB, indicating that the composite has a higher 
chemical stability. The i-t curve for the PB is seen to increase in cathodic current 
density as a function of time, possibly due to decomposition of the PB cube in its 
reduced form. The AuCN/PB shows a far more stable response between additions 
of H2O2, with a flat, stable current density. The AuCN/PB also has a lower 
background current, seen when comparing Figure 6.5a and 6.5c (PB) to 6.5b and 
6.5d (AuCN/PB), which leads to a decrease in the limit of detection for the 
composite. 
By analysis of this data, we can conclude that the stable response, which leads to 
an improved sensitivity and limit of detection for the composite, is due to superior 
chemical stability. Scanning Electrochemical Microscopy (SECM) studies have 
previously shown the near surface decomposition products of PB during the 
reduction of H2O2 to be redox active,[46] including soluble Fe(CN)64– and 
Fe(OH)3, which would increase the background current during sensing. In the 
composite prepared, we can propose that the growth of AuCN of the composite 
stabilises the surface of the PB, preventing the surface-based decomposition of 
the cubes caused by OH–, but that electron transfer for the catalytic process is still 
maintained due to the porosity of the MOF.  The same surface, stored and used a 
week later, still maintains good activity. The high stability constant of [Au(CN)2]–
,[47] which is 1037 M–2, ensures its stability in air and aqueous solution.[16a] This 
high stability presumably also prevents the further reduction of AuICN to Au (0) 
during the galvanic replacement process. 
6.3.2 Pt@AuNPs/MoS2 and AuCN/PB/MoS2 modified Au 
electrode 
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Figure 6.6. a) HRTEM image, b) XRD pattern and c) Raman spectrum of MoS2 flakes. 
The as-prepared MoS2 flakes were first characterized, as shown in Figure 6.6. 
Figure 6.6a shows a HRTEM image of MoS2 flakes. A lattice fringe spacing of 
0.27 nm can be detected, which corresponds well to the (100) facet of MoS2.[32] 
Figure 6.6b reveals the XRD pattern of MoS2 flakes. All peak features labelled 
as D correspond well with 2H MoS2 and the remaining peaks come from the FTO 
substrate. The predominant sharp peak at 14.4 ° can be ascribed to the (002) plane 
of 2H MoS2.[32] Figure 6.6c reveals Raman spectrum of MoS2 flakes. Two 
distinguished peaks at 384 cm-1 and 406 cm-1 can be identified, which are assigned 
to the in-plane (E12g) and vertical plane (A1g) vibrations of Mo-S bonds in 2H 
MoS2, respectively.[48] The difference between two peaks (22 cm-1) indicates the 
thicknesses of 2D MoS2 flakes are less than 5 monolayers (~3.5 nm).[49]   
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Figure 6.7. SEM images of Au electrode (a, b), AuNPs/MoS2 modified Au electrode (c, d), 
and Pt@AuNPs/MoS2 modified Au electrode (e, f). 
Figure 6.7 shows the SEM images of Au electrode, AuNPs/MoS2 modified Au 
electrode and Pt@AuNPs/MoS2 modified Au electrode. Compared with the bare 
Au electrode (Figure 6.7a, b), AuNPs with a size of 60-70 nm were observed on 
the AuNPs/MoS2 modified Au electrode, as shown in Figure 6.7c, d. These 
AuNPs are closely packed on the MoS2 modified Au electrode, with uniform 
180 
 
distribution. The MoS2 modified Au electrode surface was almost completely 
covered by a layer of AuNPs but some gaps are present (red circles in Figure 6.7). 
Figure 6.7e, f show the SEM images of Pt@AuNPs/MoS2 modified Au electrode. 
Pt@AuNPs are well-distributed in an ordered monolayer with some aggregations, 
also there are some cracks showing uncovered Au substrate surfaces as well.       
 
Figure 6.8. a) Cyclic voltammograms (CV) recorded on MoS2 modifed Au electrode in 10 
mM of HAuCl4 from 0.8 V to 0 V for 10 cycles at a scan rate of 100 mV s-1. b) Cyclic 
voltammograms (CV) for AuNPs/MoS2 modified Au electrode in 1 mM CuSO4+0.1 M 
H2SO4 at a scan rate of 50 mV s-1. c) Cyclic voltammograms (CV) of AuNPs/MoS2 
modified Au electrode (black) and Pt@AuNPs/MoS2 modified Au electrode (red) in 0.5 
M H2SO4 at a scan rate of 100 mV s-1.  d) CVs of Au electrode (black), AuNPs modified 
Au electrode (red), MoS2 modified Au electrode (blue), AuNPs/MoS2 modified Au 
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electrode (magenta) and Pt@AuNPs/MoS2 modified Au electrode (olive) under 2 mM M 
H2O2 in 0.1 M PBS (pH=7.4) at a scan rate of 100 mV s-1.    
Electrogeneration of AuNPs implies direct reduction of Au (III) on MoS2 
modified Au electrode, which requires sweeping in an appropriate potential 
range, as shown in Figure 6.8a. Cyclic voltammograms (CV) were conducted in 
10 mM of HAuCl4 solution scanning for 10 cycles from 0.8 V to 0 V, at a scan 
rate of 100 mV s-1. The potential window was decided to avoid the production 
and adsorption of hydrogen and completely achieve Au (III) reduction to Au 
(0).[50] Depositing a monolayer of Cu on AuNPs/MoS2 modified Au electrode 
by UPD was designed by undertaking a CV first. Figure 6.8b shows the typical 
CV of AuNPs/MoS2 modified Au electrode in 1 mM CuSO4 and 0.1 M 
H2SO4.[26] On the negative sweep, two cathodic features were observed, labelled 
as peak a and b, which are assigned to the formation of Cu UPD and bulk Cu 
electrodeposition, respectively. Correspondingly, two anodic peaks (b’ and a’) 
appear on the positive scan, due to the dissolution of bulk Cu and UPD Cu, 
respectively.[26] Based on the CV, AuNPs/MoS2 modified Au electrode was held 
at 0 V in 1 mM CuSO4 and 0.1 M H2SO4 for 120 s to form a Cu UPD layer, 
followed by the galvanic replacement in a solution containing 5 mM K2PtCl4 and 
0.1 M H2SO4 for 20 min. The formation of Pt shell via galvanic replacement was 
confirmed by the CV in 0.5 M H2SO4. As indicated in Figure 6.8c, AuNPs/MoS2 
modified Au electrode show typical  Au redox peaks in the sweeping window 
from -0.2 V to 1.6 V, with a characteristic Au surface oxidation from ~1.1 V and 
the corresponding sharp reduction peak at ~ 0.9 V.[51] After galvanic 
replacement, the red curve in Figure 6.8c clearly show the UPD Cu has been 
replaced by Pt shell, which covered the Au surface.  The near-reversible peaks 
from -0.2 V to 0.2 V are typical hydrogen desorption-adsorption features on 
Pt.[52] Furthermore, a new reduction peak at ~0.35 V is associated with platinum 
oxide reduction, along with the broad anodic oxidation peak.[53] The presence 
of a much smaller Au reduction peak at ~0.9 V reveals that few Au sites were still 
exposed and that most of the Au surface has been covered by the Pt monolayer. 
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This suggests that a thin Pt monolayer was present on the Au surface although 
some Au sites remained during cycling in Figure 6.8c, the formation of a Pt@Au 
core-shell structure has been accomplished 
Since electrocatalytic activity is dependent on the surface properties, the possible 
advantage of Pt@Au core-shell structures on MoS2 was tested in 2 mM H2O2 in 
0.1 M PBS (pH=7.4) by CV. Figure 6.8d compares the CVs of 2 mM H2O2 on Au 
electrode (black), AuNPs modified Au electrode (red), MoS2 modified Au 
electrode (blue), AuNPs/MoS2 modified Au electrode (magenta) and 
Pt@AuNPs/MoS2 modified Au electrode (olive) in N2-saturated phosphate buffer 
solution (PBS, pH 7.4). The Au substrate shows a typical weak reduction peak 
towards 2 mM H2O2 from -0.11 V, but modifying AuNPs on Au substrate shows 
higher catalytic current due to the increase in the electrochemical surface area. 
The MoS2 modified Au electrode gives a weak response to 2 mM H2O2. But with 
the AuNPs modified MoS2 on Au substrate, a higher reduction current of H2O2 
was obtained and the onset potential shows a positive shift to -0.02 V, which can 
be ascribed to the synergistic effect of AuNPs and MoS2. However, compared 
with all above electrodes, Pt@AuNPs/MoS2 modified Au electrode exhibits the 
best response signal with most positive onset potential at 0.29 V and a more than 
7 times increase in the catalytic current compared with the Au substrate. These 
results can be also seen clearly in Figure 6.9 in separate picture for each electrode 
under the same conditions. The result indicates that the Pt monolayer can 
remarkably promote electron transfer and decrease the overpotential of H2O2 
reduction.[26]  
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Figure 6.9. CVs of Au electrode (a), AuNPs modified Au electrode (b), MoS2 modified Au 
electrode (c), AuNPs/MoS2 modified Au electrode (d) and Pt@AuNPs/MoS2 modified Au 
electrode (e) without (black) and with (red) 2 mM H2O2 in 0.1 M PBS (pH=7.4) at a scan 
rate of 100 mV s-1. 
 
Figure 6.10. a) Current-time responses of Pt@AuNPs/MoS2 modified Au electrode on 
successive injections of H2O2 into stirred PBS (0.1 M, pH 7.4) at an applied potential of 
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0.035 V; b) The corresponding plots of amperometric currents vs. the concentration of 
H2O2.   
The reduction activity of Pt@AuNPs/MoS2 modified Au electrode towards 
different concentrations of H2O2 was investigated using amperometric 
measurements. The peak potential at 0.035V was chosen as the applied potential 
for amperometric measurement of H2O2. As shown in Figure 6.10a, a steady-state 
reduction current response can be obtained with the addition of H2O2, and good 
successive responses are observed with the successive additions of H2O2. A wide 
concentration range from 1µM to 12.8 mM was investigated and the 
corresponding calibration plot shown in Figure 6.10b reveals good linearity with 
a correlation coefficient R=0.9994. The linear regression equation is 
I(µA)=0.0052C(µM)+4.74, indicating a wide detection range of 1µM to 12.8 mM 
can be obtained with high sensitivity of 0.0052 µA/µM and Limit of detection 
(LoD) was calculated to be 1.5 µM (S/N=3). 
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Figure 6.11. Amperometric response of Pt@AuNPs/MoS2 modified Au electrode (black) 
and AuCN/PB/MoS2 modified Au electrode (red) to successive additions of 2 mM H2O2, 
and the interfering species of 0.1 mM UA, GLU, AA, and DA, respectively. 
The selectivity of Pt@AuNPs/MoS2 modified Au electrode was tested by 
successive additions of some co-existing electroactive compounds, such as L-
ascorbic acid (AA), dopamine hydrochloride (DA), uric acid (UA) and L-glucose 
(GLU). As shown in Figure 6.11 (black curve), the impact of these electroactive 
species was studied by amperometric measurement at 0.035V, which indicates 
the excellent anti-interference activity of the H2O2 sensor towards UA, GLU, AA 
and DA. Compared with the significant current increase after adding H2O2, there 
were no obvious response after addition of GLU and AA, but a minor decrease 
was observed when adding UA and DA. However, the current response of H2O2 
was not affected by all electroactive compounds, revealing the good selectivity 
of the developed sensor. The stability and reproducibility were measured and the 
results were shown in Figure 6.12. Pt@AuNPs/MoS2 modified Au electrode was 
quite stable for at least 11 successive scans with a relative standard deviation 
(RSD) of 4.7% in 2 mM H2O2 in PBS (0.1 M, pH 7.4) (Figure 6.12a, b). After 
storage for one week, the sensor shows almost no change in the current response, 
indicating it has good long-term stability (Figure 6.12c, d). The good device-to-
device reproducibility was estimated with a RSD of 8.4% for 2 mM H2O2 in PBS 
(0.1 M, pH 7.4) on the basis of four electrodes independently tested (Figure 6.12e, 
f).      
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Figure 6.12. a, c, e) Continuous 11 scans, stability after stored for one week and 
reproducibility tests for four different electrodes of the Pt@AuNPs/MoS2 modified Au 
electrode in 2 mM H2O2 in PBS (0.1 M, pH 7.4). b, d, f) Corresponding current increase 
after adding 2 mM H2O2. 
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Figure 6.13. a) CVs of PB40/MoS2, PB160/MoS2, and PB320/MoS2 modified Au electrodes in 
0.1 M KCl + 0.01 M HCl at a scan rate of 100 mV s-1. b, c, d) CVs of PB40/MoS2, 
PB160/MoS2, and PB320/MoS2 modified Au electrodes without (black) and with (red) 2 mM 
H2O2 in 0.1 M KCl + 0.01 M HCl at a scan rate of 100 mV s-1, respectively. 
Three kinds of PB/MoS2 modified Au electrodes were fabricated via simply 
changing the electrodeposition time of PB on MoS2 modified Au electrodes. 
Herein three times, 40s, 160s and 320s, were chosen and the obtained samples 
were denoted as PB40/MoS2, PB160/MoS2, and PB320/MoS2 modified Au 
electrodes, respectively. Figure 6.13a shows three CV scans for each of the three 
samples in 0.1 M KCl + 0.01 M HCl. All electrodes show one set of reversible 
redox peaks, in which the cathodic peaks correspond to reduction reaction of PB 
to Prussian white (PW) and the anodic features are associated to PW reoxidation 
to PB.[6c] However, it is seen that both PB40/MoS2 and PB160/MoS2 modified Au 
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electrodes have better stability than the PB320/MoS2 modified Au electrode, since 
three CV scans of the former two samples are overlap quite closely. Upon 
addition of 2 mM H2O2, a broad reduction peak of H2O2 occurs for all samples as 
shown in Figure 6.13b, c, d.  The reducing capacity towards H2O2 on three 
electrodes were estimated by the current increase (DI = I H2O2 – Ino H2O2) at 0 V in 
the presence and absence of 2 mM H2O2. It is calculated that PB40/MoS2 modified 
Au electrode reveals higher DI (59.46 µA) than PB160/MoS2 (58.55 µA) and 
PB320/MoS2 (25.88 µA) modified Au electrodes. Taking into account this higher 
stability and reducing capacity, PB40/MoS2 modified Au electrode was therefore 
chosen as the target sample throughout the rest of this chapter, denoted as 
PB/MoS2 modified Au electrode, and was used for the following investigations. 
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Figure 6.14. SEM images of PB/MoS2 modified Au electrode (a, b) and AuCN/PB/MoS2 
modified Au electrode (c, d). 
The morphology of PB/MoS2 modified Au electrode and AuCN/PB/MoS2 
modified Au electrode were characterized by SEM and are shown in Figure 6.14. 
Figure 6.14a, b indicates that the majority of deposited PB nanoparticles were 
cubic in shape, but some smaller spherical PB nanoparticles were formed as well, 
and dispersed on MoS2 modified Au electrode evenly. It can be speculated that 
these smaller PB nanoparticles were the seeds on which larger PB cubes were 
grown. However, the cubic PB nanoparticles cannot be observed after galvanic 
replacement with Au3+, instead irregular AuCN/PB nanoparticles were formed 
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homogeneously on MoS2 modified Au electrode as shown in Figure 6.14c, d. The 
disappearance of the cubic shape of PB can be ascribed to the galvanic 
replacement between PB and Au3+, in which Au3+ was reduced to Au+ and reacts 
with the –CN group from PB to form AuCN, meanwhile PB was oxidized to 
Prussian yellow (PY) and some dissolution occurred.[54] FTIR spectra of 
PB/MoS2 and AuCN/PB/MoS2 are presented in Figure 6.15. Both spectra show 
similar, characteristic absorption bands of PB. The sharp and strong peak at 2104 
cm-1 is the typical feature of PB, assigned to the –CN stretching vibration.[36] 
Another two smaller peaks at 505 and 603 cm-1 indicate the [FeII-CN-FeIII] in PB, 
assigned to bending and stretching modes of Fe-CN-Fe, respectively.[36, 54] The 
broad peaks at 3254 and 1713 cm-1 reveal the O-H stretching and H-O-H bending 
vibrations, respectively, indicating the presence of interstitial water in both 
samples.[35b, 36] Compared with PB/MoS2, the smaller peak at 2152 cm-1 
(Figure 6.15b) in AuCN/PB/MoS2 can be ascribed to cyanide bridging between 
two equivalent FeIII ions, confirming the presence of oxidation products of PB, 
prussian yellow (PY, FeIII[FeIII(CN)6]).[35a] The result is similar with our 
previous report, indicating galvanic replacement occurs and AuCN/PB was 
obtained.[54]  
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Figure 6.15. a, b) FTIR spectra of PB/MoS2 modified Au electrode (black) and 
AuCN/PB/MoS2 modified Au electrode (red). 
The obtained electrodes were first characterized in PBS (0.1 M, pH 7.4) + 0.1 M 
KCl. Figure 6.16a reveals three cycles of scans by CVs on PB/MoS2 modified Au 
electrode (black) and AuCN/PB/MoS2 modified Au electrode (red) in PBS (0.1 
M, pH 7.4) + 0.1 M KCl. Both electrodes show one set of reversible redox peaks, 
in which the cathodic peaks correspond to the reduction of PB to Prussian white 
(PW) and the anodic features are associated to PW oxidation to PB.[6c] As can 
be noted, very different stabilization curves were obtained with the two kinds of 
electrodes. More stable signals were shown in AuCN/PB/MoS2 modified Au 
electrode, since CV curves recorded in 3 scans are almost overlapped, but 
unstable signals were obtained with the PB/MoS2 modified Au electrode upon 
CV cycling. The lack of stability of PB can be due to hydrolysis of PB in neutral 
solution.[55] This result confirms that higher stability can be obtained in 
AuCN/PB composite.[54] The amperometric response of the AuCN/PB/MoS2 
modified Au electrode by successive additions of H2O2 was then obtained and is 
shown in Figure 6.16b in PBS (0.1 M, pH 7.4) + 0.1 M KCl. Although steady and 
sensitive current responses are presented at lower concentrations of H2O2, a 
decrease in the current responses appears, along with the increase of time at 
higher concentrations of H2O2, as shown in the grey circle in Figure 6.16b. Acidic 
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solution (0.1 M KCl + 0.01 M HCl) was thus used as a better option than neutral 
or alkaline solutions for the analysis of H2O2 in the following section. 
 
Figure 6.16. a) CVs of PB/MoS2 modified Au electrode (black) and AuCN/PB/MoS2 
modified Au electrode (red) in PBS (0.1 M, pH 7.4) + 0.1 M KCl; b) Current-time 
responses of AuCN/PB/MoS2 modified Au electrode on successive injections of different 
amount of H2O2 into stirred PBS (0.1 M, pH 7.4) + 0.1 M KCl under the applied potential 
of 0.035 V. 
 
Figure 6.17. CVs of Au electrode (black), MoS2 modified Au electrode (red), AuNPs/MoS2 
modified Au electrode (blue), PB/MoS2 modified Au electrode (olive) and AuCN/PB/MoS2 
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modified Au electrode (navy) under 2 mM H2O2 in 0.1 M KCl + 0.01 M HCl at a scan rate 
of 100 mV s-1. 
 
Figure 6.18. CVs of Au electrode (a), MoS2 modified Au electrode (b), AuNPs/MoS2 
modified Au electrode (c), PB modified Au electrode (d), PB/MoS2 modified Au electrode 
(e) and AuCN/PB/MoS2 modified Au electrode (f)  without (black) and with (red) 2 mM 
H2O2 in 0.1 M KCl + 0.01 M HCl at a scan rate of 100 mV s-1. 
The voltammetric behaviour of Au electrode, MoS2 modified Au electrode, 
AuNPs/MoS2 modified Au electrode, PB/MoS2 modified Au electrode and 
AuCN/PB/MoS2 modified Au electrode towards 2 mM H2O2 in 0.1 M KCl + 0.01 
M HCl were investigated and are compiled in Figure 6.17. Separate figure for 
each electrode were listed in Figure 6.18 under the same conditions. Compared 
with the bare Au electrode, MoS2 modified Au electrode, and AuNPs/MoS2 
modified Au electrode, significantly enhanced electrocatalytic activities were 
obtained on PB-based electrodes (PB/MoS2 modified Au electrode and 
AuCN/PB/MoS2 modified Au electrode), with a higher current response and a 
more positive reduction potential. The comparison of electrocatalytic activity of 
PB-based electrodes can be estimated through the current increase (DI = IH2O2 – 
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Ino H2O2) at 0 V after adding 2 mM H2O2, which are 9.3 and 28.4 µA for PB/MoS2 
modified Au electrode and AuCN/PB/MoS2 modified Au electrode, respectively. 
A 3-fold higher current increase is obtained on AuCN/PB/MoS2 modified Au 
electrode, indicating better electroactivity towards H2O2. 
 
Figure 6.19. a) Current-time responses of PB/MoS2 modified Au electrode (red) and 
AuCN/PB/MoS2 modified Au electrode (blue) on successive injections of different amount 
of H2O2 into stirring 0.1 M KCl + 0.01 M HCl under the applied potential of 0.035 V; b) 
The corresponding plots of amperometric currents vs. the concentration of H2O2.   
The typical current-time curve for PB/MoS2 modified Au electrode and 
AuCN/PB/MoS2 modified Au electrode is shown in Figure 6.19a by successive 
addition of different amount of H2O2 into 0.1 M KCl + 0.01 M HCl at an  applied 
potential of 0.035 V. Sensitive (responding time was less than 2 s) and steady-
state current responses are obtained on both electrodes, indicating good 
electrocatalytic activity of these PB-based materials towards the reduction of 
H2O2. Consistent with the CV study, a higher current increase was obtained on 
AuCN/PB/MoS2 modified Au electrode. The relationship between current and 
concentration of H2O2 on both electrodes in a wide concentration range from 10 
µM to 8.3 mM are shown in Figure 6.19b. For PB/MoS2 modified Au electrode, 
at relatively low concentrations (from 10 µM to 1.25 mM), the linear regression 
equation is I(µA)=0.036C(µM)+4.92, R2=0.9887. But an equation of 
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I(µA)=0.021C(µM)+28.49, R2=0.9957, is obtained at higher concentrations 
(from 1.25 mM to 8.3 mM). A similar trend is obtained on AuCN/PB/MoS2 
modified Au electrode, with a steeper calibration plot (I(µA)=0.053C(µM)+3.09, 
R2=0.994) at lower concentrations from 10 µM to 1.25 mM and another 
calibration plot of I(µA)=0.036C(µM)+35.08, R2=0.997, from 1.25 mM to 8.3 
mM. The results reveal both electrodes are more sensitive to H2O2 at lower 
concentrations, and the highest sensitivity of 0.053 µA/µM in the range of 10 µM 
to 1.25 mM is obtained on AuCN/PB/MoS2 modified Au electrode. Limits of 
detection (LoD) were calculated to be 0.83 and 0.62 µM (S/N=3) for PB/MoS2 
modified Au electrode and AuCN/PB/MoS2 modified Au electrode, respectively. 
The results were summarised in Table 6.1. Furthermore, we have demonstrated 
the high selectivity of AuCN/PB/MoS2 modified Au electrode towards H2O2 in 
various common interference species such as UA, GLU, AA and DA, as shown 
in Figure 6.11 (red curve). The result indicates limited interference was observed 
after successive additions of UA, GLU, AA and DA, indicating the sensors 
possess high selectivity.  
Table 6.1. Electroreduction of H2O2 on PB/MoS2 modified Au electrode and 
AuCN/PB/MoS2 modified Au electrode. 
Electrodes  Sensitivity 
(µA/µM) at low 
concentrations 
Sensitivity (µA/µM) at 
high concentrations 
LoD(µM) 
PB/MoS2/Au  0.036 0.021 0.83 
AuCN/PB/MoS2/Au  0.053 0.036 0.62 
6.4 Conclusion 
In this chapter, two classes of composite materials, i.e. AuCN/Prussian Blue 
Nanocubes, and modified Au electrodes based on MoS2 flakes and other 
materials, were fabricated successfully, with the ability to improve the 
electrochemical performance towards H2O2 reduction. 
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Galvanic replacement of PB cubes with AuIIICl4– leads to a AuCN/PB composite 
with enhanced electrochemical stability, as well as altered surface area, pore size 
and porosity. The electrochemical stability observed is most relevant for sensing 
or electrocatalytic applications, though the changes in surface porosity and area 
is potentially useful for some of the many applications that modified PB cubes 
have been used for, including energy applications.[56] The one-step method is 
green and simple, and although a gold cyanide material is synthesized, it does not 
involve the use of free cyanide. The new process of AuIII reduction with PB 
oxidation also confirms that protocols involving galvanic replacement are not 
limited to metal and/or metal oxides, but can also be useful for redox active MOF 
materials. One can envisage a range of noble metal composites with similar MOF 
materials, with modified surface stability and porosity that maintain activity due 
to the porosity and redox activity of MOF template material.[13]  
We have also presented two preparation routes of making MoS2 supporting 
hybrids, i.e. Pt@Au core-shell structure on MoS2 and AuCN/PB composite on 
MoS2. Pt@Au core-shell structure on MoS2 was prepared by a facile 
electrodeposition of AuNPs on MoS2 followed by Cu UPD/galvanic replacement 
to obtain a monolayer of Pt shell on Au structures. AuCN/PB composite on MoS2 
entails electrodeposition of PB nanoparticles on MoS2 first, then galvanic 
replacement was conducted between PB and Au3+ to obtain AuCN/PB composite 
on MoS2. Both materials were applied to the reduction of H2O2. The Pt@Au core-
shell structure on MoS2 shows a sensitivity of 0.0052 µA/µM in the range of 1µM 
to 12.8 mM and LoD of 1.5 µM, while a sensitivity of 0.053 µA/µM in the range 
of 10 µM to 1.25 mM and LoD of 0.62 µM are obtained on AuCN/PB composite 
on MoS2. Both materials show high selectivity towards common interference 
such as UA, GLU, AA and DA, with good stability, indicating both sensors are 
promising candidates for H2O2 reduction and sensing.  
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Prussian Blue Cube Templates for the 
Preparation of Au Nanoparticles on an Fe-
based Support: Applications in the 
Detection of As (III) and Heterogeneous 
Catalysis  
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7.1 Introduction 
7.1.1 AuNPs decorated heterogenous nanomaterials 
Gold nanoparticles (AuNPs) have been extensively studied due to their 
exceptional physical and chemical properties, stability, catalytic performance and 
conductivity in a broad range of critical fields including catalysis, chemical and 
biological sensing, biomedicine, energy and environmental chemistry, [1] and 
Arsenic electroanalysis as seen in previous chapters of this thesis. There are 
several methods to synthesize AuNPs with the most common being a wet-
chemical method via chemical reduction of Au3+ by appropriate reducing reagents 
in solution.[2] The high surface energy of AuNP surfaces means that they tend to 
aggregate during either synthesis or application, leading to a loss of change in 
activity.[3] To solve this problem, capping agents are usually applied during 
preparation procedures to prevent AuNP aggregation, with cleaning procedures 
used afterwards to avoid blocking of the gold surface with the capping agent 
which will affect the activity. A support is required to immobilise and stabilize 
AuNPs during use in an application,  with common supports being metal oxides, 
mesoporous silica, carbon-based materials including graphene/graphene oxides 
and nanotubes, conducting polymers, organic-inorganic hybrids, and metal 
organic frameworks (MOFs).[4] The combination of AuNPs with their support 
form heterogeneous materials which can lead to improved activity and 
performance, due to their interaction or synergistic effects.[4-5] However, the 
contact and stability of AuNPs on the support is critical, as leaching may occur 
during the application. Therefore there is a great need for a broader range of 
support materials as well as methods to improve adhesion, such as the use of 
functional groups to link AuNPs to the support.[6]  
Metal organic frameworks (MOFs) have emerged as a class of multifunctional 
materials with applications in catalysis, gas storage and separation.[7] Because of 
the spatial construction of metal ions and organic linkers, MOFs have large 
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specific surface areas and high pore volumes. Furthermore, their unique three-
dimensional framework leads to flexibly for rational design, architectural control 
and functionalization of pores.[7b, 8] The emergence of MOFs has provided  
promising routes to fabricate Au-MOF composite materials by embedding 
AuNPs into the pores of MOFs, which can be used as catalysts in both the liquid 
phase and the gas phase for heterogeneous catalytic reactions.[8-9] On the other 
hand, utilization of MOFs as precursor materials or templates for the production 
of carbon-based materials has attracted great interest in a range of applications, 
including drug delivery, magnetic resonance, catalysis, energy storage and 
conversion, gas sensing and wastewater remediation.[10] For example, MOF 
derived Fe/FexC/C nanostructures have shown promising catalytic performance 
for the oxygen reduction reaction (ORR), where viable candidates are sought to 
replace the commercial Pt/C catalysts, which display some of the stability 
problems common to nanoparticle/support materials mentioned previously.[11]  
Earlier chapters in this thesis have reported on the incorporation of gold onto the 
surface of Prussian blue (PB) as AuCN, one of the first man-made metal-organic-
frameworks (MOFs), via a one-step direct galvanic replacement of PB in Au (III) 
solution.[12] This facile method allows the dispersion of Au-based 
nanostructures onto the PB without the use any capping reagents or additional 
reducing reagents. However, due to the redox potential of PB and the high 
stability of AuCN, HAuCl4 is only reduced to Au (I) to obtain a AuCN/PB 
composite. Recently there are several reports on the pyrolytic activation of 
organometallic complexes.[13] Direct pyrolysis of MOFs have been explored to 
prepare highly active and stable nanomaterials without addition of external 
heterogeneous supports.[13a, 14] In addition, the use of Fe-based MOFs as self-
sacrificing complexes leads to the production of magnetic-responsive materials, 
which permits recovery and recycling by rapid magnetic separation.[15] 
Furthermore, carbon coating of MOF-derived materials have been widely 
applied, such as Vulcan XC-72, graphene, and carbon nanotubes, to not only 
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improve the electrical conductivity but protect inside nanoparticles from harsh 
alkaline and acidic environments, leading to enhanced performance in various 
applications.[11a, 16] There are also a few reports on in-situ formation of carbon 
layers via pyrolysis methods after using carbon-based precursors such as 
resorcinol and formaldehyde, polydopamine (PDA) and polyphenol tannic acid 
(TA).[16a, 17] TA is a well-known non-toxic natural carbon source which can 
coordinate Fe (III) ions spontaneously and be deposited on a range of planar.[18] 
Therefore, a layer of porous carbon (PC) can be easily obtained by pyrolysis of 
TA layers coordinating PB or AuCN/PB nanocubes.   
7.1.2 Research aims 
The aim of the chapter is to prepare AuNPs decorated heterogenous 
nanomaterials via a one-step pyrolysis of the precursor MOF materials, i.e. 
AuCN/PB composite, for electroanalytical and catalytic applications. In this 
procedure, the precursor (AuCN/PB organometallic composite) is prepared by a 
one-step direct galvanic replacement of PB in Au (III) solution.  
We then describe the pyrolysis of the AuCN/PB composite coated by TA layers, 
for simultaneous reduction of Au (I) to gold nanoparticles, and conversion of PB 
to a Fe-based composite support and TA to PC, to obtain highly active and stable 
PC coating composites of AuNPs supported on iron-based nanocubes (labelled as 
Au/Fe/FexC/PC-t, where t denotes the pyrolysis temperature). The as-prepared 
supported AuNPs are free of blocking capping reagents and uniformly decorate 
the iron-based cubic supports. We use the resulting nanomaterial in two model 
applications in catalysis and sensing, being the chemical reduction of 4-
nitrophenol by NaBH4 and electrochemical detection of As (III), to demonstrate 
the activity and stability of the structures. Controlled functionalization of an 
accessible MOF via galvanic replacement, followed by pyrolysis is thus presented 
as a viable method for the synthesis of nanoparticles evenly distributed on a 
support for common applications.  
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7.2 Experimental section 
7.2.1 Chemicals 
All chemicals were purchased from Sigma Aldrich, except 4-nitrophenol (BDH) 
and NaBH4 (BDH), and were used as received. All solutions were prepared with 
Milli-Q water (18 MΩ cm). To prepare stock solution, 0.132g of As2O3 was 
dissolved in concentrated NaOH. The resulting solution was adjusted to pH 3.0 
with H2SO4 and diluted to 100 mL with Milli-Q water to obtain 1g/L of As (III) 
stock solution. As (III) solutions of other concentrations were prepared from the 
stock solution daily.      
7.2.2 Materials synthesis 
Synthesis of precursors  
PB and AuCN/PB cubes were synthesized based on our previous report (see 
earlier chapters in this thesis).[12] Briefly, 3.8 g polyvineypirrolydone (PVP) and 
0.11 g K4Fe(CN)6 were dissolved in 50mL HCl (0.1 M) to obtain a clear solution, 
followed by thermal treatment at 80 °C for 24 h in an electric oven. The obtained 
PB cubes were collected by centrifuge and dried at 120 °C. PB cubes were 
redispersed in water, and then HAuCl4 was added dropwise at 80 °C under 
constant stirring until the final concentration of PB and HAuCl4 was 1.125 g/L 
and 1.33 mM, respectively. After reaction for 1 hour, the as-prepared AuCN/PB 
cubes were isolated by several centrifuge-wash cycles with Milli-Q water.  
To synthesize AuCN/PB coated by TA (AuCN/PB@TA), the as-prepared 
AuCN/PB nanocubes were added to the solution of TA until final concentration 
of AuCN/PB and TA was 2.07 g/L and 2.27 g/L, respectively. The pH of the 
solution was then adjusted to about 8 by adding KOH solution. The obtained blue 
black materials were collected by several centrifuge-wash cycles and dried under 
room temperature. PB coated by TA (PB@TA) was prepared in the same way.  
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Pyrolysis of precursors 
AuCN/PB@TA cubes were annealed at 550 °C or 650 °C for 2 h under argon 
flow with a heating time of 5 h and 6 h to obtain Au/Fe/FexC/PC-550 and 
Au/Fe/FexC/PC-650, respectively. PB@TA cubes were heat-treated in the same 
way to obtain Fe/Fe3C/PC-550 and Fe/Fe3C/PC-650, respectively. AuCN/PB and 
PB cubes were also pyrolysed at 550 °C for 2 h to obtain Au/Fe/FexC and 
Fe/Fe3C, respectively.  
7.2.3 Characterization 
Scanning electron microscopy (SEM) and backscattered SEM images were 
obtained on a FEI Verios 460L microscope combined with a retractable 
directional solid-state backscatter electron (BSE) detector. Energy-dispersive X-
ray (EDX) analysis was acquired using an Oxford XMax20 EDX Detector on FEI 
Verios 460L microscope. Transmission electron microscopy (TEM) and high 
resolution transmission electron microscopy (HRTEM) images were performed 
on JEOL 1010 and JEOL 2010 TEM microscopes, respectively. X-ray diffraction 
(XRD) patterns were taken on Bruker D4 endeavor X-ray diffractometer with Cu 
Kα radiation (λ=1.5406 Å). Fourier transform infrared (FTIR) spectra were 
collected on Perkin-Elmer frontier FTIR spectrometer. Raman measurements 
were recorded on Perkin-Elmer Raman Station 400F Raman spectrometer with a 
785 nm excitation wavelength. X-ray photoelectron spectroscopy (XPS) analysis 
was performed on Thermo Scientific K-Alpha X-ray photoelectron spectrometer 
using a Al Kα X-ray source (Ephoton = 1486.7 eV) and the C 1s peak at 284.6 eV 
as an internal standard. Thermogravimetric analysis (TGA) was undertaken from 
30 °C to 850 °C under nitrogen of 20 mL/min with a temperature rate of 10 
°C/min. Nitrogen sorption measurements were carried out at 77 K on a 
Micromeritics (ASAP 2400) analyser. Brunauer–Emmett–Teller (BET) and 
Barrett–Joyner–Halenda (BJH) methods were used to calculate surface area, pore 
volume and pore size distribution based on the nitrogen desorption branch.   
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7.2.4 Electrochemical detection of As (III) 
Electrochemical measurements were performed on a CH Instruments (CHI 760C) 
electrochemical workstation with a standard three-electrode system, where a 
rotating glassy carbon (GC) disk electrode modified with Au/Fe/FexC/PC-550 or 
Au/Fe/FexC/PC-650 was used as the working electrode, a platinum wire and a 
Ag/AgCl (3 M NaCl) electrode were used as counter and reference electrode, 
respectively. To prepare the working electrode, the rotating glassy carbon (GC) 
disk electrode was first polished with 0.05 µm alumina paste, followed by the 
thorough rinse with Milli-Q water. 10 µL of sample slurry (1.5 mg/mL) was 
dropped on the GC electrode. After drying, the samples were covered by 10 µL 
of Nafion polymer solution (0.5 wt %). For comparison, a rotating glassy carbon 
(GC) disk electrode without modification was also covered by the same amount 
of Nafion solution, which was labelled as GC electrode. Cyclic voltammetry (CV) 
was conducted at 100 mV s-1 in 0.5 M H2SO4 between appropriate voltage ranges 
with and without the addition of arsenic (III). Square wave anodic stripping 
voltammetry (SWASV) measurements were first recorded at different 
concentrations of As (III) in 0.5 M H2SO4. Arsenic (III) was first pre-deposited 
at -0.15 V for 150 s, followed by a linear scan from -0.3 to 0.7 V with a frequency 
of 15 Hz, an amplitude of 25 mV and a potential increment of 4 mV. SWASV 
analysis were also studied in 0.1 M sodium acetic buffer solution (pH 5) in the 
presence of 0.01 M EDTA. Experimental conditions: preconditioning potential, 
-0.5 V; preconditioning time, 60 s; initial potential, -0.5 V; final potential, 0.7 
V; frequency, 15 Hz; amplitude, 25 mV; potential increment, 4 mV. The rotation 
rate of working electrodes was kept at 1000 rpm during all measurements.       
7.2.5 Reduction of 4-nitrophenol 
The reduction of 4-nitrophenol by NaBH4 in the presence of the catalysts was 
performed in a standard quartz cuvette. Briefly, 0.3 mL 4-nitrophenol (1 mM) 
was added to 2.7 mL of Milli-Q water, followed by the injection of 0.3 mL of 
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freshly prepared NaBH4 aqueous solution (0.2 M). The solution colour changed 
to yellow immediately. Then, different amounts of catalysts were added to the 
above solution and the solution gradually changed to colourless. The time-
dependent absorption spectra were recorded on a Cary 500 Scan UV-Vis-NIR 
spectrophotometer in the range of 200-500 nm. The absorbance of the solution at 
400 nm was taken to calculate the rate constant. To study the reusability of the 
catalysts, a magnet was used to separate solid catalysts from solution and the 
recycled catalysts were washed with Milli-Q water twice. All measurements were 
conducted at room temperature (18 °C).         
7.3 Results and discussion 
Scheme 7.1 illustrates the preparation routes to make a series of iron-based 
composites derived from PB. Route B in the middle line describes the synthesis 
of our main products, Au/Fe/Fe4C/Fe3C@C/PC (denoted as Au/Fe/FexC/PC-550 
and Au/Fe/FexC/PC-650 in the following sections as abbreviations), where PB 
was first treated with Au3+ and then a layer of TA was applied, followed by the 
pyrolysis at two temperatures (550 °C and 650 °C) to obtain Au/Fe/FexC/PC-550 
or Au/Fe/FexC/PC-650, respectively. For comparison, products without the 
addition of Au3+ were obtained as shown in Route A in the upper line, i.e., the 
formation of Fe/Fe3C in porous carbon capsule (Fe/Fe3C@C/PC). Route C in the 
lower line illustrates the preparation of the products without the coating of TA, 
that is Au/Fe/Fe4C/Fe3C@C. The experimental conditions are also depicted in 
Table 7.1. The abbreviations as shown in Table 7.1 were then used in the 
following sections for simplicity.   
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Scheme 7.1. Schematic illustration of preparation of Prussian Blue cube derived AuNPs 
decorated iron-based composites.  
Table 7.1. Experimental variables for preparing MOF-derived composites. 
Abbreviations* Compositions* GR 
with 
Au3+ 
TA 
Coating  
Pyrolysis 
temperature 
/ °C 
Au/Fe/FexC/PC-550 Au/Fe/Fe4C/Fe3C@C/P
C 
Yes Yes  550 
Au/Fe/FexC/PC-650 Au/Fe/Fe4C/Fe3C@C/P
C 
Yes Yes  650 
Fe/Fe3C/PC-550 Fe/Fe3C@C/PC No Yes  550 
Fe/Fe3C/PC-650 Fe/Fe3C@C/PC No  Yes  650 
Au/Fe/FexC Au/Fe/Fe4C/Fe3C@C Yes  No  550 
Fe/Fe3C Fe/Fe3C@C No No 550 
*PC: porous carbon layers; @C/PC: composites coated by graphite layer and a 
layer of porous carbon; GR: galvanic replacement; TA: tannic acid. 
7.3.1 Characterization of the products 
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Figure 7.1. SEM (a), TEM (b) and HRTEM (c) images of PB nanocubes. 
Figure 7.1 shows the SEM, TEM and HRTEM images of the PB cube starting 
materials. Uniform PB cubes with a size of about 420 nm were prepared and the 
HRTEM image in Figure 7.1c shows the lattice planes with an interlayer distance 
of 0.5 nm, ascribing to PB (200) planes. After reaction with Au3+, AuCN grains 
of about 2-3 nanometres were grown uniformly on the surface of the PB cubes 
and these grains tend to grow further into larger assemblies with the size of 30-
60 nm,[12] as shown in Figure 7.2. 
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Figure 7.2. SEM (a) and TEM (b) images of AuCN/PB nanocubes. 
 
Figure 7.3. Backscatter SEM (a), TEM (b) and HRTEM (c-f) images of AuCN/PB@TA 
nanocubes. 
Figure 7.3a, b shows the backscattering SEM and TEM of AuCN/PB cubes 
coated with tannic acid (TA) polymer. AuCN/PB@TA still maintains the similar 
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uniform cubic morphology to the AuCN/PB cubes. HRTEM images in Figure 
7.3c-f reveal the successful coating of TA polymer layers with thickness of about 
8-10 nm, encapsulating the AuCN/PB cubes well. The distinct lattice fringes with 
a d-spacing of 0.29 nm in Figure 7.3e are indexed to (100) plane of AuCN.  
 
Figure 7.4. Backscattering SEM (a, d) and SEM (b-c, e-f) images of Au/Fe/FexC/PC (a-c) 
and Au/Fe/FexC (d-f).  
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Figure 7.5. SEM (a, e, f), TEM (b) and HRTEM (c, d, g, h) images and EDX elemental 
mapping (i, j) of Au/Fe/Fe
x
C/PC-550 (a-d, i) and Au/Fe/Fe
x
C/PC-650  (e-h, j). Inset shows 
corresponding SAED patterns (b, g), scale bar: 2 1/nm. 
The successful conversion of AuCN/PB@TA and AuCN/PB to Au/Fe/FexC/PC 
and Au/Fe/FexC are shown in Figure 7.4a-c and e-f, respectively. Both products 
indicate spherical AuNPs of the size of 50-70 nm were well-dispersed in the 
surface of iron-based nanoboxes, but crumpled porous carbon (PC) layers were 
only shown in Figure 7.4a-c as a coating of the nanomaterial. Figure 7.5 shows 
the morphologies and structures of Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650. 
After thermal treatment at 550 °C (Figure 7.5a-d), AuCN/PB@TA cubes are 
converted to porous nanoboxes, with the side length shrinking to ~400 nm. The 
well-maintained cubic structures indicate AuCN/PB@TA cubes serve as a 
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sacrificial template for the formation of nanoboxes during the pyrolysis process. 
White arrows in Figure 7.5a reveal these nanoboxes are infolded by a corrugated 
carbon layer. Since products from sintering of AuCN/PB cubes show no such 
carbon capsules (Figure 7.4d-f), it is concluded that the crumpled porous carbon 
(PC) layers are generated from the TA polymer, as was expected from the 
experimental design.[17c] The TEM image in Figure 7.5b further reveals each 
nanobox is well encapsulated by the porous carbon (PC) layers. Selected area 
electron diffraction (SAED) pattern in Figure 7.5b reveals the polycrystalline 
structure with an array of diffraction spots due to mixed phases in 
Au/Fe/FexC/PC-550. Closer observation in HRTEM images (Figure 7.5c, d) 
clearly indicates the core-shell structure of each nanoparticle, in which the 
graphite layers with an interlayer space of 0.34 nm are present as a shell. It has 
been suggested that the graphitization of carbon layers during thermal treatment 
could be ascribed to the catalytic activity of Fe metal.[19] Similar nanoboxes with 
cubic structures could be obtained under higher pyrolysis temperature at 650 °C, 
as depicted in Figure 7.5e-h. The lattice fringe with a spacing of 0.27 nm can be 
identified, as shown in Figure 7.5h, which matches well with Fe4C (110) plane. 
The SAED pattern (Figure 7.5g) reveals the coexistence of multiple phases in a 
hybrid material. Backscattering SEM images indicate both Au/Fe/FexC/PC-550 
and Au/Fe/FexC/PC-650 samples are covered in a homogenous distribution of Au 
nanoparticles on the surface of the nanoboxes. Energy-dispersive X-ray 
spectroscopy analyses further provide evidence of the presence of gold along with 
iron and carbon in both hybrids. Elemental mapping (Figure 7.5i, j) revealed the 
homogeneous spatial distribution of all elements. In both hybrids, approximately 
25 wt. % of surface coverage with gold is observed.  
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Figure 7.6. a) XRD patterns, b) Enlarged XRD patterns, c) FTIR and d) Raman spectra 
of AuCN/PB@TA, Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650.  
XRD was utilized to study the composition and crystalline structures of the 
materials. The diffraction peaks of as-prepared PB cubes match well with 
standard pattern of PB (JCPDS 73-0687). After PB reacts with HAuCl4, the 
diffraction peaks can be attributed to AuCN (JCPDS 89-0926) and PB. The XRD 
pattern of AuCN/PB@TA shows little difference with that of AuCN/PB. Figure 
7.6a shows the XRD patterns of Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650. 
Both products show typical diffraction patterns of Fe4C (JCPDS 65-3286) and a-
Fe (JCPDS 06-0696). Enlarged XRD patterns in Figure 7.6b also indicate the 
existence of Fe3C (JCPDS 77-0255). However, the products resulting from 
pyrolysis of PB@TA only result in the formation of a-Fe in addition to a small 
amount of Fe3C.[20] The fact that Fe4C exists only in the pyrolysis products of 
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AuCN/PB@TA indicates the formation of Fe4C only occurs after the galvanic 
replacement process of PB and Au3+. We assume the presence of Prussian yellow 
(PY) in AuCN/PB composite due to the galvanic replacement reaction aids in the 
formation of Fe4C after heat treatment. 
Figure 7.6c compares the FTIR spectra of AuCN/PB@TA, Au/Fe/FexC/PC-550 
and Au/Fe/FexC/PC-650. AuCN/PB@TA shows a similar FTIR spectra with PB, 
the typical absorption band at 2070 cm-1 can be assigned to the stretching 
vibration mode of the -CN functional group, which is a characteristic peak of 
PB.[21] Another peak at 495 cm-1 reveals the bending mode of Fe-C-N-Fe. The 
stretching mode of Fe-C-N is shown at 603 cm-1.[21-22] The absorption band at 
1414 cm-1 is due to the C-N bending vibration in PB.[23] The small peak at 431 
cm-1 indicates the stretching vibration of Au-C.[24] A typical absorption band at 
2169 cm-1 can be detected in AuCN/PB, which indicates the strong cyanide 
bridging between two equivalent Fe (III) ions within the Fe-C-N-Fe units of 
Prussian Yellow (PY).[21] However, after coating with TA polymer, the 
fingerprint peak of PY disappears. This is because TA can react immediately with 
Fe (III) ions after the addition of TA to AuCN/PB due to strong coordination 
effects in alkaline solution. We assume the strong cyanide bridging between two 
equivalent Fe (III) ions thus has been broken, and therefore, the absorption band 
at 2169 cm-1 cannot be observed. FTIR spectra of Au/Fe/FexC/PC-550 and 
Au/Fe/FexC/PC-650 in Figure 7.6c reveal the most characteristic features of PB 
have vanished after pyrolysis, indicating the decomposition of PB during heat 
treatment. A broad band appears at around 1500 cm-1, which may be assigned to 
the stretching mode of Fe-C.[25] Similarly, Fe/Fe3C/PC-550 also shows the 
stretching mode of Fe-C at around 1500 cm-1.  
Raman spectra of PB, AuCN/PB and AuCN/PB@TA were also recorded. All PB-
based precursors show similar Raman spectra, where the sharp feature in 2148 
cm-1 is attributed to -CN functional group[26] and another peak at 270 cm-1 
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indicates the presence of Fe-CN/Au-CN.[27] Raman spectra of Au/Fe/FexC/PC-
550 and Au/Fe/FexC/PC-650 were shown in Figure 7.6d. Both samples also 
display characteristic peaks of graphitic-like materials, showing a D band at 1327 
cm-1 and G band at around 1583 cm-1, which indicates the generation of a 
graphitic carbon shell during thermal treatment. Since the D band corresponds to 
A1g symmetry breathing mode involving phonons near the K zone boundary, it is 
used to denote the disorder of graphitic carbon.[20] The presence of point defects 
and disordered graphene triggers strong Raman features in D band.[28] The E2g 
stretching vibration mode of C-C bond gives rise to the Raman G band, which 
can be produced in all sp2 carbon systems. The intensity ratio of the D band to the 
G band (ID / IG) was measured to decrease from 1.12 to 1.06 upon the increase of 
pyrolysis temperatures from 550 °C to 650 °C. For Fe/Fe3C/PC samples, the 
intensity ratio of the D band to the G band (ID / IG) was measured to decrease 
from 1.30 to 1.03 when the pyrolysis temperature increases from 550 °C to 650 
°C. The results indicate a higher pyrolysis temperature is beneficial to the 
formation of an ordered graphitic carbon layer.[29] 
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Figure 7.7. a) Fe 2p, b) Au 4f and c, d) N 1s XPS spectra of AuCN/PB@TA, 
Au/Fe/Fe
x
C/PC-550, and Au/Fe/Fe
x
C/PC-650.  
XPS spectra are shown in Figure 7.7. The binding states of iron are presented in 
Figure 7.7a. For AuCN/PB@TA, the signal at 708.4 eV can be assigned to Fe2+, 
while another satellite peak at 711.4 eV is the characteristic peak of Fe3+.[11a] 
After pyrolysis, the signals appearing at 707.0 eV in the Fe 2p3/2 spectra are due 
to zero-valence Fe, which could be originate from either metallic iron or iron 
carbide.[30] The blue-shift of Fe 2p XPS spectra after pyrolysis indicates the 
reduction of Fe2+ and Fe3+ to Fe (0). The Au 4f XPS spectra of Au/Fe/FexC/PC-
550 and Au/Fe/FexC/PC-650 samples in Figure 7.7b shows two distinct peaks at 
84.3 and 88.0 eV, respectively. Both signals show a blue-shift of 0.8 eV compared 
with AuCN/PB@TA, which originate from the reduction of Au (I) to Au (0).[31] 
This confirms the presence of metallic gold after pyrolysis. Figure 7.7c, d shows 
the N 1s XPS spectra of Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650, 
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respectively. Both spectra can be deconvoluted into three peaks, revealing the 
presence of pyridinic N, pyrrolic N and graphitic N.[11a] The first two kinds of 
nitrogen can coordinate with iron atom to generate Fe-Nx.[11b] The results 
indicate the successful incorporation of N atoms into graphitic carbon layers.  
Nitrogen adsorption-desorption isotherms measured at 77 K indicate BET 
(Brunauer-Emmett-Teller) surface areas for AuCN/PB@TA, Fe/Fe3C/PC-550, 
Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650 are 31, 38, 53, 52 m2 g-1, 
respectively. It shows the surface area has decreased after coating a layer of TA 
polymer on AuCN/PB (41.5 m2 g-1), due to the blocking effect of the polymer 
layer. An increase of surface area to ~53 m2 g-1 after pyrolysis has been obtained 
and both Au/Fe/FexC/PC samples show similar surface areas. The Barrett-Joyner-
Halenda (BJH) method was utilized to estimate the pore size distribution and pore 
volume. It indicates that thermal treatment has increased the surface areas, pore 
sizes and pore volumes. 
 
Figure 7.8. TGA curves of PB, AuCN/PB, and AuCN/PB@TA. 
To investigate the formation of Au/Fe/FexC/PC samples, thermogravimetric 
analysis (TGA) was conducted under N2 and is shown in Figure 7.8. The 
decomposition of pure PB cubes can be divided into three steps with a total weight 
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loss of 42.4%. The first weight loss of 8.67 % occurs from 33 °C to 255.3 °C, 
indicating the removal of physiosorbed water molecules.[11a] The following 
weight loss of 26.5 % to 402 °C can be assigned to the preliminary degradation 
of PB.[32] When the temperature was increased to 845 °C, another weight loss 
of 7.2 % was ascribed to the complete decomposition of PB. For AuCN/PB, a 
degradation process of four steps has been obtained, resulting to a total weight 
loss of 46.5%. The first weight loss of 2.8 % from 32-258 °C was due to the 
release of crystallized water, which was followed by the partial degradation of -
CN functional group until 412 °C.[33] The third weight loss of 16 % to 608 °C 
indicates the further decomposition of AuCN/PB. Further thermal treatment 
indicates the final formation of Au/Fe/FexC accompanied with the formation of 
graphitic carbon layers at 845 °C. After the AuCN/PB was modified with TA, a 
very similar weight loss of 48.3 % has been obtained at 30-850 °C. It has to be 
mentioned the annealing temperature for our samples in this paper (550 °C and 
650 °C) was settled in different thermo-degradation sections (the third and last 
one), indicating our samples might have different material structures, which is 
consistent with XRD analysis. Analysis of XRD in Figure 7.6a, b indicates lower 
pyrolysis temperature results in clear diffraction peaks of Fe3C. On the contrary, 
the products of pyrolysis of PB@KTA at two temperatures (550 °C and 650 °C) 
show similar structures, since these two temperatures settled in the same section 
(the third one) of PB decomposition.    
7.3.2 Electrochemical detection of As (III)      
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Figure 7.9. CVs of Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650 in 0.5 M H2SO4. 
 
Figure 7.10. Cyclic voltammograms (CV) of (a) GC (red) and Fe/Fe3C/PC-650 (blue); (b) 
Au/Fe/FexC/PC-550 and (c) Au/Fe/FexC/PC-650 in the presence (line) and absence (dotted 
line) of 10 ppm As (III). Inset is the enlarged CV of GC with (red line) and without (dotted 
line) 10 ppm As (III). 
Figure 7.9 Shows the CVs of the obtained Au/Fe/FexC/PC samples in 0.5 M 
H2SO4. Both samples show similar CVs, where the dominant anodic features at 
~0.55 V and corresponding broad cathodic peaks at ~0.3 V are assigned to the 
Fe2+/Fe3+ redox reaction.[34] The broad peak starting from ~1.1 V was the typical 
Au oxidation feature and a small Au reduction peak appears at ~0.88 V.[35] The 
higher Au reduction peak of Au/Fe/FexC/PC-650 indicates larger Au surface 
areas were created at higher pyrolysis temperature. Both samples were then used 
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for the electrochemical detection of As (III). CVs were first recorded in 0.5 M 
H2SO4 at 10 ppm As (III). As shown in Figure 7.10a, both GC and Fe/Fe3C/PC-
650 electrodes show no arsenic redox peaks in the range of -0.2 V to 0.7 V (vs. 
Ag / AgCl) after addition of 10 ppm As (III). For both Au/Fe/FexC/PC samples 
in Figure 7.10b, c, a broad reduction feature starting from ~0 V is assigned to the 
reduction of As (III) to As (0) after adding As (III). On the reverse scan, an anodic 
stripping peak at ~0.2 V occurs, assigned to the reoxidation of As (0) to As (III). 
Moreover, the initial potential has a distinct influence of the anodic peak, where 
more negative potential induces higher anodic current, indicating more negative 
potentials result in increased As (III) reduction during the pre-concentration step. 
 
Figure 7.11. a, c) SWASV responses of Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650 for 
As (III) at different concentrations in 0.5 M H2SO4. The dash line refers to the baseline. 
b, d) Calibration curves of current density vs. As (III) concentrations for Au/Fe/FexC/PC-
550 and Au/Fe/FexC/PC-650. SWASV conditions: preconditioning potential, -0.15 V; 
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preconditioning time, 150 s; initial potential, -0.3 V; final potential, 0.7 V; frequency, 15 
Hz; amplitude, 25 mV; potential increment, 4 mV. 
Square Wave Anodic Stripping Voltammetry (SWASV) was used to confirm the 
electrochemical activity of Au/Fe/FexC/PC samples was similar to other Au 
nanostructures in a previous chapter of this thesis, and the response at different 
As (III) concentrations is shown in Figures 7.11a, and c. Pre-deposition at -0.15 
V has been used for 150 s to reduce As (III) to As (0) before each stripping scan. 
Both samples show an increase of the stripping current with the increase of As 
(III). The corresponding calibration line of each sample for current density versus 
concentration of As (III) is plotted in Figure 7.11b, d. Apparently, 
Au/Fe/FexC/PC-650 shows higher sensitivity of 0.03 µA ppb-1 than 
Au/Fe/FexC/PC-550 of 0.01 µA ppb-1. The limit of detection (LoD, S/N=3) was 
calculated to be 0.40 ppb and 0.19 ppb for Au/Fe/FexC/PC-550 and 
Au/Fe/FexC/PC-650, respectively. The result indicates Au/Fe/FexC/PC-650 have 
better electrochemical performance towards As (III) detection with higher 
sensitivity and lower LoD, which may primarily be derived from the larger Au 
surface area, as the responses are otherwise very similar in shape and behaviour. 
 
Figure 7.12. a) SWASV responses of Au/Fe/FexC/PC-650 modified GCE at different 
concentrations of Cu (II) in the presence of 1010 ppb As (III) at 0.5 M H2SO4. b) 
Corresponding linear calibration plot of Cu (II) peak current vs. Cu (II) concentration (-
223 
 
□-). And plot of As (III) peak current vs. Cu (II) concentration (-○-). Conditions are 
identical to Figure 7.18.  
Interference studies were conducted to evaluate the feasibility of Au/Fe/FexC/PC-
650 for arsenic (III) determination. Cu (II) is considered to be a major interfering 
ion as it can form a metal alloy or amalgam with arsenic during the 
preconditioning period,[36] and arsenic and copper also have a similar stripping 
potential on pure Au. Figure 7.12 displays the SWASV responses of 
Au/Fe/FexC/PC-650 with the addition of Cu (II) at 1010 ppb As (III) in 0.5 M 
H2SO4. The corresponding calibration curves in Figure 7.12b indicate 
interference of Cu (II) since the stripping current of As (III) has decreased while 
Cu (II) increased with the addition of Cu (II). Therefore, a chelating agent EDTA 
was applied to eliminate the interference of Cu (II). It has been reported EDTA 
will selectively chelate with Cu (II) during arsenic detection, forming a complex 
with a much larger complexation constant than with As (III). In this way, the 
stripping signal of Cu (II) could be inhibited without influencing the feature of 
As (III) by simply adding EDTA.[36] However, the chelating ability of EDTA 
with Cu (II) is hampered in acidic electrolyte solutions (0.5 M H2SO4) since the 
main EDTA specie is a hexaprotic ion (H6Y2+) at low pH. Conversely, the major 
EDTA species, such as H2Y2-, HY3-, and Y4-, obtain stronger chelating activity 
at pH values higher than 4.[36] Therefore a 0.1M sodium acetic buffer solution 
(pH 5) was used for the following experiments.  
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Figure 7.13. a, c) SWASV responses of Au/Fe/FexC/PC-650 modified GCE at different 
concentrations of Cu (II) in the presence of 100 ppb As (III), e) The same electrode at 
different concentrations of As (III) under 100 ppb Cu (II) in 0.1 M sodium acetic buffer 
solution (pH 5) in the absence (a) and presence (c, e) of 0.01 M EDTA. b, d, f) 
Corresponding function of As (III) peak current vs. Cu (II) or As (III) concentration 
(scatter plots) and As (III) peak area vs. Cu (II) or As (III) concentration (column plots). 
SWASV conditions: preconditioning potential, -0.5 V; preconditioning time, 60 s; initial 
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potential, -0.5 V; final potential, 0.7 V; frequency, 15 Hz; amplitude, 25 mV; potential 
increment, 4 mV. The dotted line refers to the baseline. 
Firstly, interference studies of Cu (II) in the absence and presence of 0.01 M 
EDTA at 100 ppb As (III) is shown in Figure 7.13a and Figure 7.13c, respectively. 
Without adding EDTA, the stripping signal of Cu (II) increased with the addition 
of Cu (II) consequently resulting in a decrease of As (III) features, as shown in 
Figure 7.13b, and an incorrect As(III) determination. However, there is no 
obvious Cu (II) stripping current even at very high concentration of Cu (II) (up 
to 1 ppm) in the presence of 0.01 M EDTA in this potential window (Figure 
7.13c). The As (III) stripping peaks in Figure 7.13d are therefore kept constant at 
all concentrations of Cu (II). Then, SWASV responses of Au/Fe/FexC/PC-650 
under different concentrations of As (III) at 100 ppb Cu (II) in 0.1 M sodium 
acetic buffer solution (pH 5) with 0.01 M EDTA are shown in Figure 7.13e. The 
corresponding calibration curves in Figure 7.13f show good linearity at lower 
concentration of As (III) but levelled off at higher concentration due to the 
saturation effect of arsenic on the surface. Au/Fe/FexC/PC-650 modified GCE 
thus is calculated to have a sensitivity of 0.04 µA ppb-1 and a LoD of 0.15 ppb 
(S/N=3) in 0.1 M sodium acetic buffer solution (pH 5) with 0.01 M EDTA. 
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Figure 7.14. a) Stability tests of Au/Fe/FexC/PC-650 modified GCE in the presence of 1 
ppm As (III) at 0.5 M H2SO4. b) Reproducibility measurements on three Au/Fe/FexC/PC-
650 electrodes in the presence of 1 ppm As (III) at 0.5 M H2SO4. Conditions are identical 
to Figure 7.18. 
The stability and reproducibility of Au/Fe/FexC/PC-650 modifed GCE were 
measured and are shown in Figue 7.14. There is no obvious change on the 
SWASV responses of 1 ppm As (III) even after half a month. The high stability 
of Au/Fe/FexC/PC-650 even under high acid condition (0.5 M H2SO4) is due to 
the protection of outer carbon shell on inner iron and iron carbide composite, thus 
enhancing the stability of materials. SWASV responses of three different 
electrodes with the same preparation procedures at 1 ppm As (III) indicate good 
reproducibility can be obtained as well (Figure 7.14b).    
7.3.3 Reduction of 4-nitrophenol 
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Figure 7.15. UV-vis spectra of 4-nitrophenol before and after addition of NaBH4. 
 
Figure 7.16. UV-vis spectra of freshly prepared (black line) 4-nitrophenol+NaBH4 
solution and after 18 h (red line).  
Due to the unique nanostructures of the obtained Au/Fe/FexC/PC samples, in 
which AuNPs were well-dispersed on the Fe-based cubes, we speculated these 
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materials can be used for many applications in AuNPs based catalysis. Herein, 
one model heterogeneous catalysis reaction, the reduction of 4-nitrophenol 
catalysed by Au/Fe/FexC/PC samples have been investigated systematically, to 
test the catalytical performance in heterogeneous catalysis reactions. The as-
prepared products were employed for the catalytic reduction of 4-nitrophenol by 
NaBH4. Figure 7.15 shows the spectral profile of 4-nitrophenol with an 
absorption maximum at 317 nm. The absorbance feature has shifted to 400 nm 
after adding NaBH4, indicating the formation of 4-nitrophenolate ions.[33] We 
confirmed that 4-nitrophenol reduction would not occur without a catalyst as the 
peak at 400 nm remains the same even after 18 h (Figure 7.16). Figure 7.17a-c 
show the evolution of UV-vis spectra with time after adding 1 mg of as-prepared 
Au/Fe/FexC, Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650 samples, respectively. 
For all samples, the reduction of 4-nitrophenol occurs by the constant decrement 
of the 400 nm peak intensity, and a concomitant appearance of new peaks at 300 
nm and 230 nm, indicating the generation of 4-aminophenol. Meanwhile, it is 
observed that the yellow colour of the solution faded and ultimately bleached 
visually. The initial concentration of 4-nitrophenol and concentration at time t is 
denoted as C0 and Ct, respectively, and the ratio of Ct and C0 is evaluated from 
the relative intensity of absorbance (At/A0). Since excess NaBH4 was used, the 
concentration of NaBH4 remained essentially constant throughout the reaction, 
therefore the reaction can be regarded as a pseudo-first-order kinetics 
reaction.[37] The linear relationships between ln(Ct/C0) and time for Au/Fe/FexC, 
Au/Fe/FexC/PC-550 and Au/Fe/FexC/PC-650 samples are shown in Figure 7.17d, 
confirming the reactions catalysed by these samples followed first-order kinetics. 
The rate constants were estimated using the slopes of straight lines and listed in 
Table 7.2. Au/Fe/FexC/PC-650 obtains higher rate constant (0.301 min-1) than 
Au/Fe/FexC/PC-550 (0.209 min-1), revealing products at higher annealing 
temperature is the superior catalyst. In addition, porous carbon from TA can 
induce a higher rate constant as well, since Au/Fe/FexC/PC-550 shows a higher 
rate constant (0.209 min-1) than Au/Fe/FexC (0.16 min-1).  
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Figure 7.17. a-c) The reduction of 4-nitrophenol with 1 mg of  Au/Fe/FexC (a), 
Au/Fe/FexC/PC-550 (b), and Au/Fe/FexC/PC-650 (c) as catalysts; and d) The 
corresponding relationships between ln(Ct/C0) and reaction time. 
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Figure 7.18. The reduction of 4-nitrophenol with 1 mg of  Fe/Fe3C (a) and Fe/Fe3C/PC-
650 (b) as catalysts; and c) The corresponding relationships between ln(Ct/C0) and 
reaction time. 
For comparison, MOF-derived products in the absence of AuNPs, such as 
Fe/Fe3C and Fe/Fe3C/PC-650, were also tested as catalysts for the reduction of 4-
nitrophenol. Figure 7.18 shows there was much less decrease of the absorbance 
at 400 nm with the same amount of catalysts even at a longer reaction time. 
Actually, the peak intensity kept constant for the first 25 min and 12 min for 
Fe/Fe3C and Fe/Fe3C/PC-650, respectively. And then a much lower reaction rate 
was obtained for both samples. This results indicates the superior catalytic 
activity of AuNPs, owing to the proficient mediating capability of AuNPs on the 
electron transfer from BH4- ion to the nitro compound.[38]    
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Figure 7.19. The reduction of 4-nitrophenol with 1 mg (a), 3 mg (b) and 5 mg (c) of 
Au/Fe/FexC/PC-650 as catalysts. 
 
Figure 7.20. Images of reaction processing catalyzed by the products. 
The dosage of Au/Fe/FexC/PC-650 sample was investigated and shown in Figure 
7.19. Three amounts (1, 3, 5 mg) were chosen and the reaction rate did increase 
with an increasing amount of catalysts, with the highest rate constant of 0.725 
min-1 at 5 mg of catalyst. Figure 7.20 shows that the Au/Fe/FexC/PC-650 sample 
could be easily separated with a magnet due to the magnetic properties of Fe-
based nanoboxes. In this way, the catalysts can be recovered from the reaction 
solution by the magnetic force. The recovered Au/Fe/FexC/PC-650 sample was 
then tested for reusability. Figure 7.21 indicates the good stability of the 
Au/Fe/FexC/PC-650 sample since stable 100% conversion efficiency of 4-
nitrophenol can be still obtained after at least five times recycles. However, the 
rate constant has decreased to 0.311 min-1 after 5 times reuse, which might come 
from the loss of some catalyst during recycles, and the generation of 
aminophenols, as the amine (-NH2) group has a strong binding ability of AuNPs 
and can block the reactive sites of AuNPs.[39]    
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Figure 7.21. The reduction of 4-nitrophenol with 5 mg of Au/Fe/FexC/PC-650 as catalysts 
for continuously repeated use. 
Table 7.2. Summary of rate constants for the reduction of 4-nitrophenol 
catalyzed by all samples.   
Catalysts Recycles Dosage / mg Rate constant / min
-1
 
Fe/Fe3C - 1 0.009 
Fe/Fe3C/PC-650 - 1 0.015 
Au/Fe/FexC - 1 0.161 
Au/Fe/FexC/PC-550 - 1 0.209 
Au/Fe/FexC/PC-650 - 1 0.301 
Au/Fe/FexC/PC-650 - 3 0.348 
Au/Fe/FexC/PC-650 1 5 0.725 
Au/Fe/FexC/PC-650 2 5 0.368 
Au/Fe/FexC/PC-650 3 5 0.313 
Au/Fe/FexC/PC-650 4 5 0.314 
Au/Fe/FexC/PC-650 5 5 0.311 
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7.4 Conclusions 
In summary, we have described the production of heterogeneous nanomaterials 
in which AuNPs were well-dispersed on Fe-based nanomaterial and encapsulated 
with a porous carbon layer. The use of AuCN/PB@TA as self-sacrificing 
precursor can produce the nanomaterial via direct pyrolysis without any 
additional external heterogeneous supports. The route we used here is better 
defined than more conventional methods such as impregnation and 
immobilization. 4-nitrophenol reduction and electrochemical analysis of As (III) 
were used as model applications to investigate the potential applications of the 
as-prepared products, revealing the obtained nanomaterial shows pleasing 
heterogenous catalytic and electroanalytical activities similar in behaviour to 
traditional, pure Au nanomaterials on other supports, with the added advantage 
of magnetic separation. The products obtained at higher pyrolysis temperature 
show better activities, with a rate constant of 0.725 min-1 in 4-nitrophenol 
reduction, a sensitivity of 0.04 µA ppb-1 and LoD of 0.15 ppb in electrochemical 
analysis of As (III), which can be mostly explained by the higher Au surface area. 
Pyrolysis of MOF composites prepared by galvanic replacement of a redox active 
MOF is thus revealed to be a versatile route to support Au nanoparticles. 
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8.1 Conclusions 
The main research aim of the PhD program was to develop electrochemical 
sensors for sensitive and selective As (III) determination and H2O2 reduction. 
This was achieved by studying a range of nanomaterials, such as noble metal 
structures (e.g. Au and Pt nanostructures), metal oxides and carbon-based 
materials, PB-based hybrids with Pt, and MoS2-based nanocomposites. These 
nanomaterials have been synthesized to modify Au or GC electrodes, aiming at 
promoting electron transfer, enhancing sensitivity and stability, and reducing the 
interference of other ions/molecules.  
The choice, design and fabrication of these nanomaterials were based on a review 
and background knowledge on As (III) sensing, arsenic removal and H2O2 
detection, and the research questions raised accordingly. Furthermore, when new 
materials were made that were seen to have interesting properties, selected 
properties were studied such as heterogeneous catalysis for the FeC based 
materials.  
In this chapter, the five major research questions and corresponding answers have 
been summarized again as below:           
What is the intrinsic effect of the morphology of gold-based electrodes on 
arsenic detection?  
To evaluate the effect of the morphology of gold-based electrodes on arsenic 
detection, various Au nanostructures have been designed and prepared. It was 
shown the morphology of gold electrode plays a vital role in influencing 
electrochemical performance of As (III) detection. The results show the Au (111) 
facet gives the best sensitivity for analysis of As (III) by SWASV.  The main 
factor is the superior slope of the calibration curve for the Au (111) facet, which 
displays a cleaner stripping peak for the multi-electron oxidation of As (0) to 
As (III). The trend in sensitivity is clear, and Au (111)-rich surfaces also have 
better limit of detection (LOD) based on the background current, which is another 
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indication of better performance of the Au (111) facet in the potential range 
studied in acidic HNO3 solution. Au (111) rich surfaces, either with Nafion 
stabilised coated nanoparticles, or controlled spike or dendritic morphologies 
with larger (111) terraces, give the best sensitivity for electrochemical As (III) 
detection. Further development of sensors for As (III) that are based upon Au 
should thus be fabricated in a way that maximises the proportion of (111) facets 
on the surface, and when deposition of Au structures is used to prepare an 
electrode, the important parameter of deposition time must be controlled and 
adjusted, taking into account the class of additive used. 
Can the sensitivity and selectivity of As (III) sensors be improved by 
rationally constructing composite nanomaterials? 
Yes, it was shown that composite materials could be designed to improve 
performance of As(III) sensing. Since adsorption ability of electrode materials is 
highly related to sensitive electrochemical detection of As (III) via stripping 
methods, the development of materials with promising adsorption ability, using 
accessible materials is a valid research goal, as the new material may show 
improved sensitivity. Mn2O3/CeO2 hetero-nanostructures, and graphene oxide 
framework (GOF) have been synthesized. These nanomaterials were used to 
modify Au substrate, and novel As (III) sensors were fabricated in this way, 
showing excellent electrochemical performance. The key feature of the material 
is the combination of as-prepared nanomaterials (Mn2O3/CeO2 nanocubes and 
graphene oxide framework (GOF)) with good conductivity and gold materials 
enables the synergistic effect of arsenic absorption material and gold towards As 
(III) sensing in aqueous solution. This part of this work implicates that As (III) 
sensors based on composite nanomaterials with excellent arsenic adsorption 
ability can be designed and prepared to enhance electrochemical performance.   
Can the selectivity of As (III) sensors be improved, especially for anti-
interference ability from Cu (II) ions in aqueous solutions? 
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Yes, the anti-interference ability from Cu (II) ions of As (III) sensors can be 
improved using Pt-based nanomaterials. Pt-based nanomaterials have attracted 
our attention due to the electrocatalytic ability of platinum to oxidise As (III) to 
As (V), and the oxidation peak of As (III) to As (V) separates sufficiently from 
the Cu (II) stripping peak, in this way arsenic can be determined quantitatively 
and Cu (II) interference can be hugely hindered. PB@Pt core-shell nanocubes 
were designed and prepared, showing excellent electrochemical performance 
with a highest sensitivity of 0.045 µA cm-2 ppb-1 and LoD of 1.2 ppb, which is 
much lower than the recommended limit by WHO for drinkable water (10 ppb). 
Moreover, studying of Cu (II) interference at PB@Pt indicate low concentration 
of Cu (II) (less than 377.21 ppb) shows little interference of oxidation of As (III) 
to As (V). It indicates that nanomaterials with excellent catalytical ability to 
oxidise As (III) to As (V), such as Pt, can be applied to improve the selectivity of 
As (III) sensors. Also, there is an effect of the morphology of Pt based composite 
nanomaterials on As (III) sensing.    
Can the sensitivity and stability of sensors be improved via the design and 
preparation of hybrid materials for H2O2 electroanalysis? 
The sensitivity and stability of H2O2 sensors can be improved based on several 
hybrid materials. Firstly, PB based hybrids were prepared via one-step galvanic 
replacement. Galvanic replacement of PB cubes with AuIIICl4– leads to a 
AuCN/PB composite with enhanced electrochemical stability, as well as altered 
surface area, pore size and porosity. This stability is evident in a stable current 
response, lower background current, and improvement in both sensitivity and 
limit of detection towards H2O2 reduction compared to pure PB. This stability 
was attributed to the stabilisation of the surface of PB with AuCN, which prevents 
decomposition of the reduced form of PB during electrocatalysis. The new 
process of AuIII reduction with PB oxidation also confirms that protocols 
involving galvanic replacement are not limited to metal and/or metal oxides but 
can also be useful for redox active MOF materials. 
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Moreover, hybrids sensors, consisting of MoS2 supporting Pt@Au core-shell 
structures and MoS2 supporting AuCN/PB composites with enhanced activity and 
stability towards H2O2 reduction. Both products were finally presented as non-
enzyme H2O2 sensors, with high sensitivity, selectivity and stability. Pt@Au 
core-shell structure on MoS2 shows a sensitivity of 0.0052 µA/µM in the range of 
1µM to 12.8 mM and LoD of 1.5 µM, while a sensitivity of 0.053 µA/µM in the 
range of 10 µM to 1.25 mM and LoD of 0.62 µM are obtained on AuCN/PB 
composite on MoS2. Both materials show high selectivity towards common 
interference such as UA, GLU, AA and DA, with good stability, indicating both 
sensors can be worked as promising candidates towards H2O2 reduction. It was 
thus shown that classes of hybrid materials successfully improved the 
electrochemical performance for H2O2 electroanalysis, which indicates some new 
ways in H2O2 sensing.   
Can functionalisation and heat treatment of PB based composites prepared 
in this thesis lead to AuNPs dispersed on an Fe-based support? Is this 
material useful for As (III) sensing, and does it behave similar to other Au 
based nanomaterials in model catalytic reactions? 
A new heterogeneous nanomaterial, in which AuNPs were well-dispersed on Fe-
based nanomaterial, and encapsulated with a porous carbon layer, has been 
successfully prepared. The efficient and convenient strategy entailed a galvanic 
replacement between Prussian Blue (PB) and Au3+ to obtain AuCN/PB (AuCN-
Prussian Blue composite) coated by tannic acid (TA) and subsequent pyrolysis 
under inert atmosphere. The use of AuCN/PB@TA as self-sacrificing precursor 
can produce the nanomaterial via direct pyrolysis without any external 
heterogeneous supports. 4-nitrophenol reduction and electrochemical analysis of 
As (III) were used as models to investigate the potential applications of the as-
prepared products, revealling the obtained nanomaterial shows good 
heterogenous catalytic and electroanalytical activities. The product obtained 
under higher pyrolysis temperature showed better activity, with a rate constant of 
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0.725 min-1 in 4-nitrophenol reduction, a sensitivity of 0.04 µA ppb-1 and LoD of 
0.15 ppb in electrochemical analysis of As (III), which can be ascribed to higher 
Au surface area. 
This work shows a simple and facile method to fabricate AuNPs decorated Fe-
based nanomaterial, and two model apllications were estimated. It indicates 
similar nanomaterials can be obtained in the same way, and numerous material 
and their applications are thus expected.  
8.2 Future work 
The research program in this thesis consists of several related research areas of 
interest. Although some preliminary achievements have been obtained up to now, 
they are never perfect enough to consider finalized all the research areas. 
Actually, each research area has provided considerable scope for future work. 
Briefly, some future work that I believe would be of interest is classified based 
on each chapter as below. 
In Chapter 3, we have confirmed the advantage of Au (111) facet towards As (III) 
detection, in promoting electrochemical performance including enhanced 
sensitivity and LoD. But the precise reason for the improved sensitivity is difficult 
to determine, and may require further mechanistic studies, and modelling or 
theoretical studies about the interaction of As (III) with the surface of different 
facets of gold are required for a deeper understanding. 
As shown in Chapter 4, the adsorption capability towards arsenic and electron 
conductivity of metal oxides and carbon-based nanomaterials have endowed 
modified Au electrodes with higher sensitivity. However, in Mn2O3/CeO2 
nanocubes modified Au substrate, Mn3+ tends to disproportionate under acidic 
conditions to give Mn4+ in the solid and Mn2+ in the liquid phase. Although 
electroanalytical activity doesn’t change too much in the case due to small 
amount of manganese oxide in respect to ceria, which might put little impact on 
242 
 
the total electrochemical performance, since the excellent arsenic adsorption 
ability is maintained by large amount of ceria. However the difference between 
different pure manganese oxides on the electroanalytical performance is still of 
great interest and would need further investigation in the future. In addition, since 
adsorbed arsenic has to diffuse to the surface of Au substrate, where As (III) 
reduction to As (0) occurs, i.e. in the boundary of gold and Mn2O3/CeO2 
nanocubes and/or on gold substrate due to the electrocatalytic activity of gold, it 
is thus predicted that increasing the boundary of electrocatalytic materials and 
absorption materials. Utilizing gold nanoparticles instead for example, would 
perhaps benefit more arsenic reduction, improving electrochemical performance.  
PB@Pt core-shell cubes in Chapter 5 have shown acceptable sensitivity and LoD 
towards As (III) and little interference in the presence of 377 ppb Cu (II). But 
here in the preparation methods, polycrystalline Pt shell was reduced from 
ethanol at 70 °C, which is not an ideal reducing agent. Therefore, other more 
commonly used reducing agents may be interesting to get a better control on the 
morphology of the Pt shell, leading to greater control on the electrochemistry  
In Chapter 6, due to the unique chemical composition PB, and the ordered 
structure of PB nanocubes, we have decided that PB cubes could be used as a 
sacrificial template for galvanic replacement processes. During galvanic 
replacement, the iron (II) component of PB could be oxidized to iron (III)  (0.36 
V vs. SHE for Fe(CN)63–/4– pair) by a noble metal ion species in solution with a 
higher reduction potential, such as AuCl4– (E0 is above 1.0 V for reduction of 
AuIIICl4– to either gold (I) or gold (0) species). Based on the basic experimental 
mechanism, other noble metal ions (Such as Pt2+, Ag+, Pd2+) may go through the 
same galvanic replacement process with PB or other similar metal 
hexacyanoferrates, a variety of composites can be prepared in this way with a 
range of possible applications, not just in electroanlaysis and catalysis, but also 
in energy applications.  
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Furthermore, with respect to H2O2 reduction on two kinds of MoS2 supported 
composites, the AuCN/PB composite on MoS2 obviously provides better 
sensitivity than Pt@Au core-shell structure on MoS2, but a wider linear range is 
obtained on the latter one. Therefore, a possible research direction is the 
combination of these two interesting materials, which might utilize both 
advantages and lead to interesting performance. For example, taking the PB-Pt 
composite in Chapter 5 into account, the as-prepared PB-Pt composite would be 
of great interest for H2O2 reduction. 
In Chapter 7, AuNPs decorated iron-based heterogeneous nanomaterials are 
obtained in a facile method via the pyrolysis of organometallic compounds. The 
preparation process can be applied to other organometallic compounds (Pt-based, 
Ag-based and Pd-based organometallic complex) to get various metal/noble 
metal decorated heterogeneous nanomaterials. Besides, apart from photocatalysis 
of 4-nitrophenol and As (III) electrochemical determination, these heterogeneous 
nanomaterials show potentials in various applications in catalysis, chemical and 
biological sensing, biomedicine, energy and environmental chemistry. 
Finally, the design of new working electrodes with excellent electrochemical 
performance for As (III) detection and H2O2 reduction in a facile and less costly 
way are still of great interest, that still show good sensitivity, LoD, selectivity, 
repeatability, stability, and reproducibility. There are thus numerous possibilities 
to extend the scope of research areas based on the current PhD research program, 
and one can foresee tremendous outcomes and new research areas in the process 
of further addressing these research questions.        
